VAN^uuvtK,  v^aNADA  JULY  tO-14,  i989 


IJttil.  n  I  HI  ■'Mii^Hisiunu  n  fs(  >  nsii'k. 


IGARSS'89 


12TH  CANADIAN  SYMPOSIUM  ON  REMOTE  SENSING 
12®  SYMPOSIUM  CANADIEN  SUR  LA  TELEDETECTION 


Quantitative  Remote  Sensing: 

An  Economic  Tool  for  the  Nineties 


Volume  2.  Tuesday  July  1 1 


90  07  3  229 


Printcci  in  Canada 


LIBRARY  OF  CONGRFSS  «8^-842l7 
ir:I'B«89Cl  12768-0 


VOLUME  2 


II;I:G  No.  89CII2768-0 

UllRARY  OF  CONGRESS  No.  89-84217 


I  A  D  O  O  *  Q  Q  1 2lh  CANADIAN  SYMPOSIUM  ON  REMOTE  SENSING 
iVi^MniOO  057  12e  SYMPOSIUM  CANADIEN  SUR  LA  TELEDETECTION 

REMOTE  SENSING: 

AN  ECONOMIC  TOOL  FOR  THE  NINETIES 

JULY  10  - 14  th  1989  VANCOUVER,  CANADA 


SPONSORS: 
IEEE,  CRSS,  URSI 


avrti^Lb  tUR  me  FOR  SET  per  Insti 
Electrical  and  Electronics  Enginei 

10017^^^ 


naLECON 


7/5/90 


Ac*'.  ■  ' 

'.'n  ,*-'or 

\ 

Nr;;:. 

CR\& 

■'  N 

OhC  1/3 

U'.'iooC'-  C-,  V 

G 

□ 

— - 

6yT^ 

fiPi  ^ 

A 

'U'  ( 

T - - 

tv  C-.'dos 

DlSi 

1  . 

!  "  V  .» 

>  t-" 

.i-i.'.i,  or 
-CiEl 

IGARSS  ’89 

REMOTE  SENSING:  AN  ECONOMIC 
TOOL  FOR  THE  NINETIES 
VANCOUVER,  CANADA 
JULY  10-14, 1989 


COPYRIGHT  -  1989  by  IEEE 


Proceedings  published  by: 

IGARSS  '89  12ih  Canadian  Symposium  on  Remote 
Sensing 


Printed  in  Canada 


IGARSS  ‘89  -  12th  CANADIAN  SYMPOSIUM  ON  REMOTE  SENSING 
IGARSS  '89  -  12th  SYMPOSIUM  CANADIEN  SUR  LA  TELEDETECTION 


IGARSS  ‘89  -  12th  CANADIAN  SYMPOSIUM 
ON  REMOTE  SENSING  SPONSORS 
SPONSORS  COHHANDITAIRES 


IGARSS  '  89  -  12th  Canadian  Symposium  on  Remote  Sensing  Is  sponsored  by  the 
Canadian  Remote  Sensing  Society,  the  IEEE  Geoscience  and  Remote  Sensing 
Society,  the  International  Union  of  Radio  Science,  and  the  Canada  Centre  for 
Remote  Sensing. 

It  Is  co-sponsored  by: 

B.C.  Ministry  of  Environment  and  Parks 

8.C.  Ministry  of  Forests,  Inventory  Branch 

B.C.  Research  Corporation 

Binary  Image  Corporation 

Canadian  Forest  Service 

Cominco  Ltd. 

Fisheries  and  Oceans  Canada 
MacDonald,  Dettwiler  and  Associates  Ltd. 

National  Research  Council  Canada 
Pamap  Graphics  Ltd. 

University  of  British  Columbia 


IGARSS  ‘89  -  12th  CANADIAN  SYMPOSIUM  ON 
REMOTE  SENSING  ORGANIZING  COMMITTEE 


Or.  John  S.  MacDonald,  General  Chairman 

Or.  Ed  dull.  Vice  Chairman,  URSI 

Or.  Peter  Hurtha,  Vice  Chairman,  CRSS 

Or.  Keith  Raney,  Vice  Chairman,  lEEE/GRS-S 

Or.  Jim  Gower,  Technical  Program  Chainnan 

Or.  Josef  Clhlar,  Technical  Co-Chairman,  CRSS 

Dr.  Oavid  Goodenough,  Technical  Co-Chairman,  lEEE/GRS-S 

M.  Jean-Marie  Dubois,  French  Transcription 

Mr.  Frank  Hegyl,  Social  Program  and  Tours 

Ms.  Nedenia  Holm,  Secretary 

Dr.  Y.  Jim  Lee,  Exhibits 

Mr.  Peter  Louis,  Finance 

Or.  Pam  Sallaway 

Or.  Hans  Schreler,  UBC  Facllltles/Registratlon 
Or.  Mark  Sondheim,  Publicity 
Dr.  Mit  Tlikov 

Dr.  Geoff  Tomlins,  Publlcetlon 


CRSS  Technical  Committee 


Chair:  J.  Cihlar,  Canada  Centre  for  Remote  Sensing,  Canada 
F.J.  Ahern,  Canada  Centre  for  Remote  Sensing,  Canada 
Kohei  Arai,  National  Space  Development  Agency  of  Japan,  Japan 

F.  Bonn,  Universitie  de  Sherbrooke,  Canada 

G. A.  Borstad,  G.A.  Borstad  Associates  Ltd.,  Canada 
J.  Brown,  Canada  Centre  for  Remote  Sensing,  Canada 
R.  Currie,  Pacific  Geoscience  Centre,  Canada 

G.  Duchossois,  European  Space  Agency,  Canada 

A.  Fabbri,  Canada  Centre  for  Remote  Sensing,  Canada 

B. E.  Goodison,  Atmospheric  Environment  Service,  Canada 

B.  Guidon,  Canada  Centre  for  Remote  Sensing,  Canada 
F.G.  Hall,  NASA  Goddard  Space  Flight  Centre,  USA 

D.  Halpern,  Jet  Propulsion  Laboratories,  USA 

F.  Hegyi,  Ministry  of  Forests,  Canada 

J.  lisaka,  Canada  Centre  for  Remote  Sensing,  Canada 

J.  Kosalos,  Honeywell  Marine  Systems,  USA 

L.  McNutt,  Canada  Centre  for  Remote  Sensing,  Canada 

J.B.  Mercer,  Intera  Technologies  Ltd.,  Canada 

R.E.  Murphy,  NASA/Headquarters,  USA 

R.A.  O'Neil,  Canada  Centre  for  Remote  Sensing,  Canada 

P.  Sallaway,  PAMAP  Graphics  Ltd.,  Canada 

L.  Sayn-Wittgenstein,  Canada  Centre  for  Remote  Sensing,  Canada 

R.  Slaney,  Radarsat  Project  Office,  Canada 

W.M.  Strcme,  PCI  Inc.,  Canada 

T.  Toutin,  Canada  Centre  for  Remote  Sensing,  Canada 

B.  Uoodham,  University  of  British  Columbia,  Canada 

V.  Zsilinszky,  Ontario  Centre  for  Remote  Sensing,  Canada 


lEEE/GRSS  Technical  Committee 


Chair:  David  G.  Goodenough,  Canada  Centre  for  Remote  Sensing,  Canada 
R.C.  Beal,  The  John  Hopkins  University,  USA 
G.  Brachet,  SPOT  Image,  France 

F.  Carsey,  Jet  Propulsion  Laboratories,  USA 
K.R.  Carver,  University  of  Massachusetts,  USA 
R.  Cheney,  National  Ocean  Service  NOAA,  USA 

J.  Cimino,  Jet  Propulsion  Laboratories,  USA 
M.  Ehlers,  University  of  Maine,  USA 
A.F.H.  Goetz,  University  of  Colorado,  USA 

K. I.  Itten,  University  of  Zurich-Irchel ,  Switzerland 
E.  Ledrew,  Universi*  ■  of  Waterloow,  Canada 

C.A.  Luther,  Office  u,  Naval  Research,  USA 

J.P.  Muller,  University  College  London,  UK 

J.A.  MacDonald,  MacDonald  Dettwiler  Associates,  Canada 

J.  Megier,  Ispra  Establishment,  Italy 

R.K.  Raney,  Radarsat  Project  Office,  Canada 

P.N,  Slater,  University  of  Arizona,  USA 

C.T.  Swift,  University  of  Massachusetts,  USA 

Mikio  Takagi,  University  of  Tokyo,  Japan 

G. F.  West,  University  of  Toronto,  Canada 


URSI  Technical  Committee 


Chair:  J.F.R.  Gower,  Institute  of  Ocean  Sciences,  Canada 
J.R.  Apel,  The  John  Hopkins  University,  USA 
R.K.  Crane,  Darmouth  College,  USA 
J.L,  Green,  NOAA  Aeronomy  Laboratory,  USA 

A.  Guissard,  Universitie  Catholilque  de  Louvain,  Belgium 

D. C.  Hogg,  University  of  Colorado,  USA 

R.  Humphreys,  MacDonald  Dettwiler  Associates,  Canada 

E.  Jull,  University  of  British  Columbia,  Canada 

R.K.  Moore,  University  of  Kansas  Centre  for  Research  Inc.,  USA 

D.W.  Oldenburg,  University  of  British  Columbia,  Canada 
R.  Olsen,  Coiiinuni  cat  ions  Research  Centre,  Canada 

B.  Segal,  Communications  Research  Centre,  Canada  • 

O.H.  Shemdin,  Ocean  Research  and  Engineering,  USA 

J.R.  Wait,  University  of  Arizona,  USA 

J.  Walsh,  Memorial  University  of  Newfoundland,  Canada 


1 


Book  2 

Table  of  Contents 


Page 

Comparison  of  theoretical  and  measured  brightness  temperature  of  a  soybean  canopy  AOO 

R.H.  Lang,  D.M.  LeVine,  P.  O'Neill,  S.  Saatchl,  NASA/GSFC,  Greenbelt,  HD, 

USA,  0.  Yazici,  George  Washington  Unlv. ,  Washington,  DC,  USA,  T.  Jackson, 

US  Dept,  of  Agric.,  Beltsvllle,  MD,  USA 

Ku-Band  polarization  characteristics  of  wheat  and  canola  405 

M. R.  Hinds,  A.G.  Wackcr,  G.J.  Sofko,  M.P.  Poettcker,  Unlv.  of  Saskatchewan, 

''  •  Saskatoon,  Sask. ,  Canada 

'■''A  microwave  backscatter  experiment  of  a  burdock  field  by  an  X-Band  FM-CW  radar^  409 

T.  Kurosu,  T.  Sultz,  T.  Umehara,  Min.  of  Posts  and  Telecommun. ,  Tokyo,  ' 

Japan 

Radar  en  agriculture;  resultats  prellmlnalres  sur  un  site  agricole  au  Quebec  415 

K. P.B.  Thomson,  R.  Landry,  G.  Edwards,  H.  Cantln,  Unlv.  Laval,  Ste-Foy, 

Que.,  Canada,  H.  Gwyn,  Unlv.  de  Sherbrooke,  Sherbrooke,  Que.,  Canada 

Inventalres  agricoles  par  teledetectlon;  Valldlte  des  estlmateurs  bases  sur  la  matrlce  418 
de  confusion 

J.  Dellnce,  Inst,  de  Teledetectlon,  CCR,  Ispra,  Italy,  G.  Gerard,  UCL, 

Louvain- la-neuve ,  Belgium 

Supervised  Image  Interpretation  of  SPOT-data  for  the  detection  of  agricultural  parcels  419 

in  different  vegetation  types  in  Zaire  (Bandundu) 

L.  Daels,  R.  Goossens,  T.  Ongena,  M.  De  Caluwe,  Rljks  Unlv.,  Gent, 

Netherlands 

Quantifying  forage  and  corn  production  with  Image  analysis  and  GIS  techniques  421 

H.  Schreler,  S.  Brown,  A.  Ryan,  R.  Wlart,  Unlv.  of  British  Columbia. 

Vancouver,  BC,  Canada 

The  effects  of  free  canopy  water  on  SAR  crop  separability J  i  424 

B.  Brisco,  R.J.  Brown,  CCRS,  Ottawa,  Ont,,  Canada,  T.J.  Pultz,  INTERA  Tech. 

Ltd.,  Ottawa,  Ont.,  Canada 

Analysis  of  C-Band  SAR  data  in  an  agricultural  context  429 

N.  Prout,  J.  Galrns,  C.  Hutton,  D.  Mullins,  INTERA  Tech.  Ltd.,  Ottawa, 

Ont.,  Canada,  A.  Mack,  Agric.  Canada,  Ottawa,  Ont.,  Canada 

Preliminary  evaluation  of  multi-date  SAR  data  for  the  Identification  o'f  agricultural  430 

crops  In  southern  Ontario 

J.  Fischer,  R.  Mussakowskl,  Ontario  Centre  for  Rem.  Sens.,  North  York, 

Ont.,  Canada 

Recognition  of  three-dimensional  objects  from  single  Images 

D.G.  Lowe,  Unlv.  of  British  Columbia,  Vancouver,  BC,  Canada 

Frame  camera  and  Image  contextual  constraints  for  stereo  matching  In  aerial  suenesj 
D.W.  Paglieroni,  Ford  Aerospace  Corp.,  San  Jose,  CA,  USA 

Geometric  transformation  and  terrain  correction  of  remotely-sensed  Imagery  440 

J.T.  Parr,  Analytic  Scl.  Corp.,  Reading,  MA,  USA 


il 


Page 

Une  methode  de  detection  d'un  rvseau  hydrographlque  a  partlr  d'un  modele  ntuierlque  de  4A2 

terrain 

P.  Gulllotel,  Ecole  Nat.  Sup.  des  Telecom,  de  Bretagne,  Brest,  France,  R. 

Slmard,  B.  Goze,  DIGIM,  Montreal,  Que.,  Canada,  C.  Roux,  Ecolc  Nat.  Sup. 
dcs  Telecom,  de  Bretagne  France 


Error  correction  of  digital  elevation  models  produced  by  automatic  matching  of  digital  AA6 

stereo  Images 

J.A.  Ostrowskl,  D.C.  He,  Horler  Info.  Inc.,  Ottawa,  Ont.,  Canada 

Least  squares  prediction  using  on-board  data  In  bundle  adjustment  for  SPOT  Imagery  A50 

L.-C.  Chen,  L.-H.  Lee,  Nat.  Cen.  Unlv. ,  Chung-Ll,  Taiwan,  Rep.  China 

Investigation  of  slope  and  aspect  effects  on  Image  grey  values  In  geocoded  SAR  Images  ASA 

T.  Bayer,  R.  Winter,  G.  Schreler,  DFVLR,  German  Aerospace  Res.  Est. , 
Oberpfaffenhofen,  FR  Germany 

Quantitative  analysis  and  classification  of  SeaMARC  11  12  kHz  side-scan  sonar  data  ASS 

T.  Reed,  Hawaii  Inst,  of  Geophysics,  Honolulu,  HI,  USA 

Le  programme  SPOT:  planlflcatlon  a  moyen  et  long  terma  sur  la  base  des  besolns  du  A62 

marche 

G.  Brachet,  SPOT  IMAGE,  Toulouse,  France 

Evaluation  of  SPOT  HRV  Image  data  received  In  Japan  A63 


N.  Fujlmoto,  Y.  Takahashl,  T.  Morlyama,  M.  Shlmada,  H.  Wakabayashl,  NASDA, 

EOG,  Saltama-ken,  Japan,  Y.  Nakatanl,  Rem.  Sens.  Tech.  Cen.,  Japan,  S. 

Obayashi,  Science  Unlv.  of  Tokyo,  Japan 

Three-dimensional  analysis  of  SPOT  HRV  data  A6'/ 

M.  Mori,  Kinkl  Unlv.,  lizuka,  Japan,  K,  Gotoh,  Nagasaki  Unlv.,  Nagasaki, 

Japan 

Removal  of  the  topographic  effect  on  SPOT-1  HRV  multlspectral  Imagery  In  mountainous  A71 

terrain 

C.  Yang,  A.  Vidal,  Lab.  Commun  de  Teledetec.,  CEMAGREF  EMGREF,  Montpellier, 

France 

Computer  assisted  land  cover  mapping  with  SPOT  In  Indonesia  A7S 

J.-P.  Gastellu-Etchegorry,  Gadjah  Mada  Unlv. ,  Yogyakarta,  Indonesia,  D. 
Ducros-Gambert,  Paul  Sabatier  Unlv.,  Toulouse,  France 

Optimisation  de  la  restitution  automatlque  du  relief  a  partlr  d' Images  SPOT  A76 

A.  Jaton,  R.  Slmard,  A.  Leclerc,  S.R.  Haja,  Digim,  Inc.,  Montreal,  Que., 

Canada 

Approche  multltemporelle  et  texturale  des  donnees  SPOT  multispectrales  pour  le  sulvl  ABO 

agricole  en  Afrlque  Gentrale 

P.  Jacques,  M.  Massart,  J.  Wilmet,  Laboratolre  de  Teledetection,  Louvain  la 
Neuve  Belgique 

Applications  of  stereo  SPOT  for  mapping  ABA 

J-P  Muller,  I.J.  Dowman,  University  College  London,  London  U.K. 

Radiometric  comparison  of  Iandsat-5  TM  and  SPOT  HRV  1  sensors  for  the  use  In  multiple  ABS 

sensor  approaches 

J.  Hill,  D.  Alfadopoulou,  Comm,  for  the  Eur.  Communities,  Ispra,  Italy 

Neural  network  approaches  versus  statistical  methods  in  classification  of  multlsource  AB9 

remote  sensing  data 

J.A.  Benedlktsson,  P.H.  Swain,  O.K.  Ersoy,  Purdue  Unlv.,  W.  Lafayette,  IN, 

USA 


lil 


Statistical  methods  for  cover  class  mapping  using  remotely  sensed  data 

N.A.  Campbell,  J.F.  Wallace,  CSIRO,  Wembley,  W.A. ,  Australia 


Spatial-temporal  autocorrelated  model  for  contextual  classification  of  satellite 
Imagery  ji 

N.  Khazenie,  M.M.  Crawford,  Unlv.  of  Texas  at  Austin,  Austin,  TX,  USA 


Eigenvector  transformation  and  dimension  size  reduction  In  remote  sensing  data 
processing  i 

B.  Li,  W.M.  Koon,  Unlv.  of  Manitoba,  Winnipeg,  Man.,  Canada 


A  method  for  multl-dlmenslonal  image  segmentation 

K.  Hartt,  M.J.  Carlotto,  M.W.  Brennen,  Analytic  Scl.  Corp.,  Reading,  MA, 
USA 


An  adaptive  reconstruction  system  for  spatially  correlated  multi-spectral, 
multi- temporal  Images 

S.  Lee,  M.M.  Crawford,  Unlv.  of  Texas,  Austin,  TX,  USA 

A  method  of  statistical  multlsource  classification  with  a  mechanism  to  weight  the 
Influence  of  the  data  sources 

J.A.  Benedlktsson,  P.H.  Swain,  Purdue  Unlv.,  W.  Lafayette,  IN,  USA 

Observations  of  clouds  and  fog  with  a  1.4  mm  wavelength  radar 

J. B.  Mead,  R.E.  McIntosh,  Unlv.  of  Massachusetts ,  Amherst,  MA,  USA 

95  GHz  short  pulse  radar 

E. A.  Uliana,  B.S.  Yaplee,  US  Naval  Res.  Lab.,  Washington,  DC,  USA,  N.C. 
Chu,  M.  Newkirk,  Bendix  Field  Engin.,  Oxon  Hill,  MD,  USA 

140  GHz  scatterometer  measurements 

T. F.  Haddock,  F.T.  Ulaby,  J.  East,  Unlv,  of  Michigan,  Ann  Arbor,  MI,  USA 

The  CRL  millimeter  wave  scatterometers 

K.  Okamoto,  T.  lhara,  J.  Awaka,  H.  Yamasaki,  A.  Takahashl,  Min,  of  Posts  & 
Telecomm.,  Tokyo,  Japan 

Millimeter-wave  propagation  measurements  through  conifer  vegetation 

D.L.  Jones,  R.H.  Espeland,  Inst,  for  Telecomm.  Scl.,  Boulder,  CO,  USA 

Millimeter  wave  scattering  model  for  a  leaf 

K.  Sarabandi,  F.T.  Ulaby,  T.B.A.  Senior,  Unlv.  of  Michigan,  Ann  Arbor,  MI, 
USA 

Measurements  and  modeling  of  mllllmeter-wave  scattering  from  tree  canopies 

F. T  Ulaby,  T.F.  Haddock,  Y.  Kuga,  Unlv.  of  Michigan,  Ann  Arbor,  MI,  USA 

Spaceborne  technology  contributions  to  hydrological  studies  in  the  context  of  global 
change 

V.V.  Salomonson,  NASA/GSFC,  Greenbelt,  MD,  USA 

Remote  sensing  and  hydrology  -  the  commercial  prospects 

J.W.  Trevett,  ICRSDT,  Hunting  Technical  Services  Ltd,  Kernel  Hempstead  UK 

Cost-effectiveness  of  Landsat  TM  classification  by  operations  staff 

S.-L.R.  Konrad,  R.S.  Rempel,  Ducks  UnLtd.  Canada,  Winnipeg,  Man.,  Canada 

Digital  Image  processing  of  multitemporal  Landsat  data  and  Its  applications  in  ground 
water  exploration 

C.S.S.  Reddy,  D.J.  Campagna,  D.W.  Levandowski,  Purdue  Unlv.,  W.  Lafayette, 
IN,  USA 


Page 

493 

497 

503 

509 

513 

517 

521 

524 

525 

529 

533 

534 

538 

539 

542 

543 

544 


Iv 


/ 

'L-? 


t 


Page 

Combining  remote  sensing  and  conventional  data  for  assessing  water  resources  In  548 

Northern  Thailand  ^ 

C.  Saowapoh,  ihlang  Mai  Unlv. ,  Chiang  Mai,  Thailand,  S.I.  Solomon,  E.D. 

Soulls,  Unlv.  of  Waterloo,  Waterloo,  Ont.,  Canada 

Using  MOAA  data  for  hydrological  modeling  553 

G.  Kite,  Canada  Climate  Centre,  Saskatoon,  Sask. ,  Canada 

Snow  cover  monitoring  by  satellites  and  real  time  runoff  forecasts  558 

K.  Seidel,  U,  Burkart,  R.  Baumann,  Inst,  fur  Kommun.  ETHZ,  Zurich, 

Switzerland,  J.  Martlnec,  Eldg,  Inst,  fur  Schnee-  &  Lawln. ,  Davos 
Switzerland 

Residual  snow  patch  mapping  In  Arctic  Canada  using  Landsat  TM  Images  562 

J.T.  Gray,  Unlv.  of  Montreal,  Montreal,  Que.,  Canada^  B.  Laurlol,  Unlv. 
d'Ottawa,  Ottawa,  Ont.,  Canada,  D.  Bruneau,  P.  Brland,  Unlv,  de  Montreal, 

Montreal,  Qc,  Canada 

The  technological  challenge  of  future  space  radar  systems  566 

H. M.  Braun,  G.H.  Rausch,  H.  Kappel,  Dornler  Sys.  GMBH,  Frledrlchshafen,  FR 
Germany 

Multimission  capability  of  the  European  Polar  Platform  >  \  570 

R.  Benz,  G.  Gebauer,  F.  Tanner,  Dornler  GmbHy  Frledrlchshafen,  FR  Germany, 

E.  Zeiss,  ESTEC,  Noordwijk,  The  Netherlands'^ 

Upgrades  to  the  Australian  Centre  for  Remote  Sensing  -  A  total  ground  station  solution  575 

J.  Frledel,  MacDonald  Dettwller,  Richmond,  BC,  Canada,  C.  McMaster,  Austr. 

Cen.  for  Rem.  Sens.,  Belconnen,  Australia 

Ecuador  ground  receiving  station  -  component  subsystems  579 

K.  Cox,  F.  Pleasance,  MacDonald  Dettwller,  Richmond,  BC,  Canada 

Arlstoteles  Description  of  the  earth  gravity  field  recovery  mlssio^  582 

R.  Benz,  M.  Langemann,  M.  Gramolla,  Dornler  GmbH,  Friedrlclishafen,  FR 
Germany,  G.  Mecke,  ESTEC,  Noordwijk,  The  Netherlands 

Two  way  satellite  communication  for  teleraetrology  and  remote  control  ^  587 

H.  Hanebrekke,  Norwegian  Ins*;,  of  Tech.,  Trondheim,  Norway 

Influence  of  the  relief  on  radloraetry  and  resolution  of  a  SAR  image  591 

Cl.  Jung,  D.  Vidal  Madjar,  CNET/CRPE,  Issy-Les-Moulineaux,  France,  Ph. 

Reblllard,  Seplmage,  Puteaux,  France 

Multiple-Image  SAR  shape  from  shading  592 

J.  Thomas,  W.  Kober,  F.  Leber  1,  VEXCELCorp.,  Boulder,  CO,  USA 

Development  of  a  shape-from-shadlng  technique  for  the  extraction  of  topographic  models  597 

from  individual  spaceborne  SAR  images  j - ' 

B.  Gulndon,  OCRS,  Ottawa,  Ont.,  Canada  ' 

A  method  of  determining  the  pixel  geolocation  of  SAR  Images  in  oceanic  and  polar  603 

regions 

U.  Tretter,  DFVLR,  Oberpfaffenhofen,  FR  Germany 

Prototype  SAR  gcocoding  ulgorlLhms  fur  ERS-1  and  SIR-C  /  X-SAR  Imagas  604 

A.  Roth,  H.  Craubner,  Th.  Bayer,  DFVLR,  Oberpfaffenhofen,  FR  Germany 

Automated  ice  motion  tracking  at  the  Alaska  SAR  facility  608 

R.  Kwok,  NASA/JPL,  Pasadena,  CA,  USA 


V 


Page 

Interpolation  and  sampling  In  SAR  Images  612 

S.  Quegan,  Unlv.  of  Sheffield,  Sheffield,  UK 

Hlnlmtim  mean- square  error  sampling  for  remotely  sensed  Imagery  616 

G.W.  Wornell,  D.  Kauffman,  B.  Sharpe,  MacDonald  Dettwller,  Richmond,  BC, 

Canada 

Effect  of  resampling  on  the  geometric  and  radiometric  fidelity  of  digital  Images  620 

E.  Derenyl,  R.K,  Saleh,  Unlv.  of  New  Brunswick,  Fredericton,  NB,  Canada  . 

r  *  j 

^  Effects  of  the  ephcmerls  error  on  effective  pointing  for  a  spaceborne  SAR  i  f  624 

M.Y.  Jin,  NASA/JPL,  Pasadena,  CA,  USA  "* 


Statistically  based  unsupervised  hierarchical  Image  segmentation  algorithm  with  a  630 

blurring  corrector 

S.  Lee,  M.M.  Crawford,  Unlv.  of  Texas  at  Austin,  Austin,  TX,  USA 

Pixel  relaxation  labelling  using  a  diminishing  neighbourhood  effect  634 

T.  Lee,  Chinese  Unlv.  of  Hong  Kong,  Shatln,  NT,  Hong  Kong,  J.A.  Richards, 

Unlv.  New  South  Wales,  Campbell,  Australia 

Spectral  matching  In  supervised  classification  of  terrain  features  638 

Z.  Ma,  C.E.  Olson  Jr.,  Unlv.  of  Michigan,  Ann  Arbor,  MI,  USA 

Improved  classification  using  Imagery  from  multiple  satellites  642 

D.  Kauffman,  B.C.  Robertson,  MacDonald  Dettwller,  Richmond,  BC,  Canada 

Glassification  of  satellite  Images  using  contextual  classifiers  645 

F.G,  Alonso,  S,  Lopez  Soria,  enst.  Naclonal  de  Investlg.  Agrarlas,  Madrid, 

Spain 

Classification  of  SPOT  Image  using  spectral  and  spatial  features  of  primitive  regions  649 

with  nearly  uniform  color 

T.  Kusaka,  H.  Egawa,  Y.  Kawata,  Kanazawa  Inst,  of  Tech.,  Ishlkawa,  Japan 

High  resolution  satellite  Image  texture  for  moderate  relief  terrain  analysis  653 

D.R.  Peddle,  NORDCO  Ltd.,  St.  John's,  Nfld. ,  Canada,  S.E.  Franklin,  Unlv, 
of  Calgary,  Calgary,  Alta.,  Canada 

Integration  of  context  classifiers  with  CIS  656 

D.  Booth,  T.R.E.  Chldley,  W.G.  Collins,  Aston  Unlv. ,  Birmingham,  UK 

Changes  In  canopy  and  branch  reflectance  along  an  S02  gradient  on  Northern  Vancouver  660 


Island 

B.  Curtiss,  Unlv.  of  Colorado,  Boulder,  CO,  USA,  S.L.  Ustln,  Unlv.  of 
California,  Davis,  CA,  USA 

Laboratory  fluorescence,  reflectance  and  chlorophyll  measurements  of  foliage  from  a  661 

stressed  spruce  forest 

C.  Bannlnger,  Inst,  for  Im.  Proc.  and  Comp.  Graphics,  Graz,  Austria 

Reflectance  and  transmittance  of  snow  at  high  spectral  resolution  662 

J.  Dozier,  NASA/JPL,  Pasadena,  CA,  USA,  R.E.  Davis,  Unlv.  of  California, 

Mammoth  Lakes,  CA,  USA,  A.W,  Nolln,  Unlv.  of  California,  Santa  Barbara,  CA, 

USA 

Reflectance  spectra  of  vegetation  growing  on  mine  sites  in  the  Canadian  Shield  665 

V.  Singhroy,  F.  Kenny,  Min.  of  Natural  Res.,  North  York,  Ont.,  Canada,  J. 

Spelnger,  Ont.  Geolog.  Surv. ,  Sudbury,  Ont,,  Canada 


Vi 


Page 

Bidirectional  reilectances  of  three  soil  surfaces  and  their  characterization  through  C70 

model  inversion 

D.M.  Deerlng,  NASA/GSFC,  Greenbelt,  MD,  USA,  T.F.  .Eck,  ST  Systems  Corp., 

Lanharo,  MD,  USA,  J.  Otterman,  Tel  Aviv  Unlv. ,  Ramat  Aviv,  Isreal 

The  various  chlorophyll  fluorescence  signatures  as  a  basis  for  physiological  ground  674 

truth  control  in  remote  sensing  of  forest  decline 

U.  Rinderle,  H.K.  Lichtenthaler,  Univ.  of  Karlsruhe,  Karlsruhe,  FR  Germany 

Sensitivity  of  reflected  radiation  to  organic  matter  content  of  typical  Ontario  soils  678 

A.  Nurwadjedi,  R.  Protz,  Univ.  of  Guelph,  Guelph,  Ont.,  Canada,  J.  Cihler, 

OCRS,  Ottawa,  Ont.,  Canada 

Spectral  components  analysis  equations  and  their  application  to  rice  679 

C. L.  Wiegand,  Agrlc.  Res.,  USDA,  Weslaco,  TX,  USA,  M.  Shibayama,  Y. 

Yamagata,  Mat.  Inst  of  Agro-Env.  Sci.,  Ibaraki,  Japan 

Utilization  des  mesures  radiometrlques  de  terrain  pour  la  cartographie  satellituire  des  684 
sols  d'une  region  semi-arlde  du  Maroc 

H.  Hinse,  Q.H.J.  Gwyn,  Univ.  de  Sherbrooke,  Sherbrooke,  Que.,  Canada,  A. 

Herzouk,  Depart,  des  Sci.  du  Sol,  Rabat,  Maroc,  F.  Bonn,  Univ.  de 
Sherbrooke,  Sherbrooke,  Qc,  Canada 

Basis  Frequency  Analysis,  BAFRAM,  -  towards  a  fresh  approach  to  analyse  the  spectrum  of  688 
a  short  record 

M.P.  Beddoes,  Univ.  of  British  Colttmbia.  Vancouver,  BC,  Canada 

Convergent  fronts  in  a  partially  mixed  estuary  691 

J. M.  Anderson,  H,  Evans,  D.  Djavadi,  Onlv.  of  Dundee,  Dundee  UK 

Classification  of  Fuget  Sound  nearshore  habitats  using  aircraft  multlspectral  scanner  695 

imagery 

F.  Mynar,  R.D.  Weerackoon,  M.V.  Olsen,  Lockheed  Eng.  and  Sci.  Co.,  Las 
Vegas,  MV,  USA,  R.S.  Lunetta,  US  Env.  Prot.  Agency,  Las  Vegas,  NV,  USA 

Use  of  thematic  mapper  data  for  mapping  of  water  quality  696 

K.  Sorensen,  Norwegian  Inst,  for  Water  Res.,  Blindern,  Norway,  J.  Nilsen, 

Norwegian  Hydro.  Lab,  Trondheim,  Norway,  H.V.  Sebo,  E.  Holbek-Hanssen, 

Norwegian  Comput.  Cen. ,  Blindern,  Norway 

A  data-fuslon  approach  to  sea  water  monitoring  697 

D. D.  Glusto,  L.  Parodl,  G.  Vernazza,  Univ.  of  Genoa,  Genoa,  Italy 

Utility  of  airborne  electromagnetic  profiler  data  for  determining  water  depths  and  701 

characterizing  coastal  sediments  and  marsh  soils 

R. E.  Pelletier,  S.T.  Wu,  Stennis  Sp.  Cen.,  MS,  USA 

Bathymetry  retrieval  algorithm  for  coastal  water  [case  II]  from  Landsat  -  5  Thematic  705 

Mapper  Data 

A.K.  Mishra,  P.N.  Sridhar,  K.S.  Prasad,  Nat.  Rem.  Sens.  Agency,  Hyderabad, 

India 

Normalization  of  tidal  fluctuations  for  use  in  satellite  remote  bathymetry  709 

Wei  Jl,  D.L.  Clvco,  W.C.  Kennard,  Univ.  of  Connecticut,  Storrs,  CT,  USA 

A  study  into  the  responses  of  the  NOAA-n  AVHRR  reflective  channels  over  water  targets  712 

S. C.  Gallegos,  T.I.  Gray,  M.M.  Crawford,  Univ.  of  Texas  at  Austin,  Austin, 

TX,  USA 

Overview  and  highlights  from  the  MORCSEX'88:  a  prelaunch  ERS-1  experiment  716 

J.A.  Johannessen,  O.M.  Johannessen,  Nansen  Rem.  Sens.  Cen.,  Bergen,  Norway, 

R.A.  Shuchman,  Env.  Res.  Inst,  of  Michigan,  Ann  Arbor,  USA 


vii 


•  n  t 


j 


> 


Page 


SAR  detection  of  mesoscale  ocean  clrculatl;-  'ei  .u  as  di’rlng  NORCSEX  '88^ 

R.A.  Shuchman,  D.R.  Lyzenga,  Env.  ?  ’  '^nst.  of  Michigan,  Ann  Arbor,  MI, 
USA,  J.A.  Joha.nnessen,  0.  Johannes.  •  .insen  Reo.  Sens.  Centre,  Bergen, 
Norway,  C.  Livingstone,  OCRS,  Ottawb,  ..t, ,  Canada 


720 


Surface  current  measurements  at  ocean  fronts 

D.R.  Johnson,  F.M.  Fetterer,  Stennls  Space  Center,  Stennls,  MS,  USA 


726 


Surface  currents  during  NORCSEX'88,  as  measured  by  a  land-  and  a  ship-based  HF-radar  730 

H.-H.  Essen,  Unlv.  Hamburg,  Hamburg,  FR  Germany 


Mesoscale  variability  In  the  Haltenbanken  region  mapped  by  Geosat  topography  data  734 

L.H.  Pettersson,  J.A.  Johannessen,  T.A,  Johansen,  P.  Samuel,  Nansen  Rem. 

Sens.  Cen.,  Bergen,  Norway 


Mesoscale  variability  during  NORCSEX  *88  derived  from  AVURR  surface  structures,  ADCF  736 

currents  and  a  numerical  model 

P.M.  Haugan,  J.A.  Johannessen,  Nansen  Rem.  Sens.  Cen.,  Bergen,  Norway,  M.  ( 

Ikeda,  Bedford  Inst,  of  Ocean.,  Dartmouth,  NS,  Canada,  K.  Kloster,  Nansen  I 
Rem.  Sens.  Cen.,  Bergen,  Norway  ' 


Analysis  of  Geosat  altimeter  sea  state  data  and  comparison  with  simultaneous  aircraft 
SAR  observations  for  NORCSEX-88 

N.M.  Mognard,  Cen.  Nat.  d'Etudes  Spat.,  Toulouse-Cedex,  France,  G. 
Livingstone,  CCRS,  Ottawa,  Ont. ,  Canada,  J.A.  Johannessen,  P.  Samuel,  NRSC, 
Bergen,  Norway,  R.  Shuchman,  ERIM,  Ann  Arbor,  MI,  USA 

y Geosat  derived  winds,  waves,  and  swells  in  the  North  Atlantic  during  NORCSEO-88  •  ^ 

N.M.  Mognard,  Cen.  Mat.  d'Etudes  Spat.,  Toulouse-Cedex,  France,  Vt.lr 
Campbell,  E.G.  Josberger,  Unlv.  of  Puget  Sound,  Tacoma,  WA,  USA 


737 


A  study  of  textural  and  tonal  Information  for  classifying  sea  Ice  from  SAR  Imagery  747 

T.  Hlrose,  Noetlx  Research  Inc.,  Ottawa,  Ont.,  Canada,  S.  Paterson,  Intera 
Tech.  Ltd.,  Ottawa,  Ont.,  Canada,  L.  McNutt,  CCRS,  Ottawa,  Ont.,  Canada 


Ice  classification  algorithm  development  and  verification  for  the  Alaska  SAR  facility  751 

using  aircraft  Imagery 

B.  Holt,  R.  Kwok,  E.  Rlgnot,  JFL/CIT,  Pasadena,  CA,  USA 

Speckle  reduction  and  maximum  likelihood  classification  of  SAR  images  from  sea- Ice  755 

recorded  during  MIZEX  87 

E.  Holbaek-Hanssen,  H.  TJelmeland,  Norwegian  Computing  Centre,  Oslo, 

Norway,  O.M.  Johannessen,  T.  Olaussen,  R.  Karpuz,  Nansen  Rem.  Sens.  Cen., 

Bergen,  Norway 

Multivariate  analysis  of  texture  statistics  for  SAR  sea  Ice  discrimination  759 

D.G.  Barber,  E.  LeDrew,  Unlv.  of  Waterloo,  Waterloo,  Ont.,  Canada 


Texture  measures  for  sea-ice  classification  from  radar  Images  763 

M.E.  Shokr,  Atmos.  Env.  Serv. ,  North  York,  Ont.,  Canada 

Comparison  of  sea  Ico  parameters  retrieved  from  passive  microwave  (SSH/I) ,  Landsat  MSS  769 

and  AVHRR  Imagery 

A.J.  Schvaiger,  Unlv.  of  Colorado,  Boulder,  CO,  USA,  K.  Steffen,  Swiss  Fed. 

Inst,  of  Tech.,  Zurich,  Switzerland 

Sensitivity  of  passive  microwave  sea  Ice  concentration  algorithms  to  the  selection  of  773 

locally  and  seasonally  adjusted  tie  points . 

K.  Steffen,  Swiss  Fed.  Inst,  of  Tech.,  Zurich,  Switzerland,  A.  Schwelger, 

Unlv.  of  Colorado,  Boulder,  CO,  USA 


vlll 


utilization  of  local  texture  transforma  for  adaptive  filtering  of  SAR  sea  Ice  Imagery 
D.F.  Salter,  E.F.  LeDrew,  Univ.  of  Waterloo,  Waterloo,  Ont. ,  Canada 


Spring  surface  circulation  patterns  detected  using  remote  sensing  of  drifting  ice  floes 
In  Hudson  Bay,  Canada 

P.  Larouche,  Min.  des  Peches  eC  des  Oceans,  Hont-Joli,  Que.,  Canada 


Detailed  vegetation  mapping  from  MEIS-II  digital  data 

P.M.  Treitz,  P.J.  Howarth,  R.C.  Suffling,  P.  Smith,  Unlv.  of  Waterloo, 
Waterloo,  Ont.,  Canada 


Evaluation  of  classification  results  obtained  with  combined  multitemporal  optical  and 
mlcrovave  data 

A.  Fiumara,  N.  Plerdlcca,  Telespazlo,  Rome,  Italy 

Cover  cla.ss  mapping  In  agricultural  environments 

N.A.  Campbell,  J.F.  Wallace,  CSIRO,  Wembley,  W.A. ,  Australia 

The  use  of  multidate  Landsat  Thematic  Mapper  Imagery  for  agricultural  land  use  mapping 
applied  to  electric  power  transmission  route  selection  studies 

R. N.  Pierce,  C.L.  Wagner,  Ontario  Hydro,  Toronto,  Ont.,  Canada 

The  use  of  multi-temporal  TM  tasseled  cap  features  for  land  use  mapping  in  European 
marginal  areas  -  an  operational  approach 

J.  Hill,  J.  Megler,  Joint  Res.  Cen. ,  Ispra,  Italy 

Land  cover  analysis  of  multitemporal  thematic  mapper  data 

S.  Ueno,  Kyoto  School  of  Comp.  Scl.,  Kyoto,  Japan,  Y  Kawata,  T.  Kusaka, 
Kanazawa  Inst,  of  Tech. ,  lohlkawa,  Japan 

Microwave  remote  sensing  of  land  surface  with  alvborne  active  and  passive  sensors 
P.  Coppo,  Centre  for  Mic.  Rem.  Sensing,  Florence,  Italy,  P.  Ferrazzoll, 
Univ.  Tor  Vergata,  Rome,  Italy,  G,  Luzl,  Centre  for  Mic.  Rem.  Sensing, 
Florence,  Italy,  P.  Pampalonl,  IROE/CNR,  Florence,  Italy,  G,  Schlavon,  D. 
Sollmlnl,  Univ.  Tor  Vergata,  Rome,  Italy 

Identification  and  assessment  of  anomalies  on  radar  Imagery  of  crops 

G.H.  Holder,  P.J.  Howarth,  Univ.  of  Waterloo,  Waterloo,  Ont.,  Canada,  R. 
Mussakowskl,  Ont.  Cen.  for  Rem.  Sens.,  North  York,  Canada 

Methods  efflcace  et  peu  couteuse  de  cartographic  des  cultures  par  teledetection 
satellltalre 

P.  Lafrance,  J.-M.  Dubois,  Univ.  de  Sherbrooke,  Sherbrooke,  Que.,  Canada, 
M.  Carlgnan,  Serv.  de  conserv.  des  ress.  agric,,  Que.  Canada 

Evaluation  of  agricultural  management  applications  In  the  Rio  Grande  valley  using  SPOT 
Imagery 

A.J.  Richardson,  Remote  Sensing  Research  Unit,  Weslaco,  Texas,  USA,  M.M. 
Crawford,  Uiilv.  of  Texas  at  Austin,  Austin,  Texas,  USA,  J.H.  Everett,  Rem. 
Sens.  Res.  Unit,  Weslaco,  Texas,  USA,  L.  Dron,  Univ.  of  Texas  at  Austin, 
Austin,  Texas,  USA,  R.  Summy,  Rem.  Sens.  Res.  Unit,  Weslaco,  Texas,  USA 


y  Cooperative  systems  for  perceptual  tasks  in  a  remote  sensing  environment 


/ 


A.K.  Mackworth,  Univ.  of  British  Columbia,  Vancouver,  BC,  Canada 
Expert  systems  aiyl  environmental  change ^formation  extraction  frcni  remote  sensing 


datai  — ^  (ia  ^  ) 

D.G.  Goodenough, 


CCRS,  Ottawa,  Ont.,  Canada,  M.A.  Robson,  INTERA  Tech. 
Ltd.,  Ottawa,  Ont.,  Canada,  K.B.  Fung,  CCRS,  Ottawa,  Ont.,  Canada 


Page 

777 

780 

783 

787 

791 

795 

798 

802 

806 

810 

813 

816 

819 

oil 


lx 


Page 

Multlsource  data  analysis  In  remote  sensing  and  Geographic  Information  Systems  based  on  829 
Shafer's  theory  of  evidence 

H.  Kim,  P.H.  Swain,  Purdue  Univ.,  W.Layafotte,  IN,  USA 

Expert  system  design  for  radar  reconnaisance  of  sea  ice  833 

G.M.  Shlrtliffe,  Univ.  of  Kansas,  Lawrence,  KS,  USA 

Classification  of  multitemporal  remotely  sensed  images  based  on  a  fuzzy  logic  technique  834 
P.  Blonda,  Inst.  Elab.  Segnali  Immagini,  Bari,  Italy,  R.L.  Polosa, 

Tecno. -CSATA-Novus  Ortus,  Valenzano,  Italy,  S.  Losito,  Cen.  di  Geodesia 
Spaziale,  Matera,  Italy,  A.  Mori,  Tecno. -CSATA-Novus  Ortus,  Valenzano, 

Italy,  G.  Pasquariello,  Inst.  Elab.  Segnali  Immagini,  Bari,  Italy,  F.  Posa, 

Univ.  Bari,  Bari,  Italy,  D.  Ragno,  Inst.  Biolog. -Selvicol. ,  Viterbo,  Italy 

Integration  of  remote  sensing  and  geophysical/geological  data  using  Dempster-Shafer  838 

approach 

W.M.  Moon,  Univ.  of  Manitoba,  Winnipeg,  Man.,  Canada 

An  expert  system  for  using  digital  terrain  models  842 

D.G.  Goodenough,  CCRS,  Ottawa,  Ont.,  Canada,  B.  Baker,  INTERA  Tech.  Ltd., 

Ottawa,  Ont.,  Canada,  G.  Plunkett,  CCRS,  Ottawa,  Ont.,  Canada,  D.  Schanzer, 

INTERA  Tech.  Ltd.,  Ottawa,  Ont.,  Canada 

A  knowledge  based  system  for  the  Interpretation  of  SAR  Images  of  sea  ice  844 

J.G.  McAvoy,  E.M.  Krakowskl,  INTERA  Tech.  Ltd.,  Calgary,  Alta.,  Canada 

A  fuzzy  expert  system  for  remote  sensing  image  analysis  848 

F.  Wang,  Univ.  of  Waterloo,  Waterloo,  Ont.,  Canada 

ESSll:  Expert  System  for  Satellite  Image  Interpretation  852 

C.V  S.  Sarraa,  Central  Univ.,  Hyderabad,  India,  R.  Krlshnan,  Nat.  Rem,  Sens. 

Agency,  Hyderabad,  India,  B.E.  Prasad,  A.K.  Pujari,  Central  Univ., 

Hyderabad,  India 


SHERLOCK  supports  the  geocoding  of  SAR  images  856 

M.  Ploessnlg,  W.G.  Kropatsch,  D.  Strobl,  Inst,  for  Image  Processing  and 
Comp.  Graphics,  Graz  Austria 

Atmospheric  correction  of  high  resolution  land  surface  Images  860 

D.J.  Diner,  J.V.  Martonchlk,  E.D.  Danlelsion,  C.J.  Bruegge,  NASA/JPL, 

Pasadena,  CA,  USA 

Surface  reflectance  retrieval  using  atmosphere  correction  algorithms  864 

P.M.  Teillet,  CCRS,  Ottawa,  Ont.,  Canada 

Image  based  atmospheric  correction  of  airborne  imagery  868 

J.R.  Freemantle,  J.R.  Miller,  York  Univ. ,  North  York,  Ont.,  Canada,  N.T. 

ONeill,  Univ.  de  Sherbrooke,  Sherbrooke,  Que.,  Canada 

Analyse  des  aerosols  a  partir  des  Images  AVURR-NOAA  9  et  10.  Application  a  la  869 

cartographie  des  sulfates 


L.  Chartler,  N.T.  O'Neill,  A.  Royer,  Univ.  de  Sherbrooke,  Sherbrooke,  Que., 

Canada 

P.emoval  of  the  scan  angle  effect  on  NOAA-AVHRR  date  in  visible  «nd  near-IR  parts  of  the  873 
electromagnetic  spectrum 

C.  Yang,  A.  Vidal,  Lab.  Comraun  Teledetec.,  CEMAGREF  ENGREF,  Montpellier, 

France,  D.  Lepoutre,  GEOSYS,  Toulouse,  France,  D.  Pozzobon,  ORMVAG, 

Kenitra,  Morocco 

A  measurement  program  for  the  validation  of  atmospheric  radiative  transfer  models  877 

R.P.  Gauthier,  F.J.  Ahern,  P.M.  Teillet,  CCRS,  Ot.tawa,  Ont.,  Canada 


X 


Aerosol  anomalies  in  Nlmbus-7  Coastal  Zone  Color  Scanner  data  obtained  In  Japan  urea 

H.  Fukushlma,  Tokal  Unlv. ,  Orldo,  Japan,  R.C.  Smith,  Unlv.  of  California, 
Santa  Barbara,  CA,  USA,  Y.  Suglmorl,  M.  Toratanl,  Tokal  Unlv.,  Orldo, 
Japan,  Y.  Yasuda,  Chiba  Unlv.,  Chiba,  Japan 

The  distribution  of  clear-sky  radiation  over  varying  terrain 

R.  Dubayah,  J.  Dozier,  F.  Davis,  Unlv.  of  California,  Santa  Barbara,  CA, 
USA 


Evaluation  of  atmospheric  effect  on  remotely  sensed  data  based  on  measurement  of 
spectral  radiance 

Y.  Yasuoka,  T.  Miyazaki,  Y.  Ilkura,  Nat.  Inst,  for  Env.  Studies,  Ibarakl, 
Japan 

Integrated  atmospheric  correction  of  multlspectral  satellite  Imagery 

B.C.  Robertson,  B.  Sharpe,  MacDonald  Dettwller,  Richmond,  BC,  Canada,  P.M. 
Telllet,  CCRS,  Ottawa,  Ont.,  Canada 

Atmospheric  correction  of  NIMBUS-7  CZCS  Images  using  multiple  scattering  data  base 
S.  Mukal,  Kanazawa  Inst,  of  Tech.,  Ishlkawa,  Japan 

Using  LOUTRAN  6  and  DEM  to  derive  path  radiance  for  SPOT  imageries  over  mountainous 
terrain 

J.-Y.  Chen,  A.J.  Chen,  H.T.  Wang,  Nat.  Cen.  Unlv.,  Chung-Ll,  Rep.  China 

Optical  archiving  for  scientific  data 

B.  Lowrey,  NASA/Goddard  Space  Flight  Center,  Greenbelt,  MD  USA 

Optical  storage  systems  as  the  media  of  remotely  sensed  data  exchange 

J.  Ilsaka,  CCRS,  Ottawa,  Ont.,  Canada 

I.andsat  electron  beam  recorder 

P.F.  Grosso,  J.P.  Whitley,  Image  Graphics,  Inc.,  Shelton,  CT,  USA 

Data  compression  of  spaceborne  remotely  sensed  imagery  from  coherent  and  incoherent 
sensor  systems 

S.A.  Mango,  K.W.  Hoppel,  Naval  Res.  Lab.,  Washington, 'DC,  USA 

Data  compression  scheme  for  archiving  of  AOEOS  data 

K.  Aral,  NASDA,  Saltama,  Japan 

Noiseless  Image  compression 

K.  Mlettlnen,  N.  Baser,  Gen.  Electric,  King  of  Prussia,  PA,  USA 

Data  compression  on  the  Mars  Rover  Sample  Return  mission 

N.  Beser,  K.  Mlettlnen,  Gen.  Electric,  King  of  Prussia,  PA,  USA 

IHS  transform  for  the  Integration  of  radar  imagery  with  geophysical  data 

J.  Harris,  R.  Murray,  INTERA  Tech.  Ltd. /OCRS,  Ottawa,  Ont.,  Canada 

Polarization  diversity  radars  in  meteorology 

J.I.  Metcalf,  Air  Forces  Geoph.  Lab.,  MA,  USA 


The  differential  reflectivity  dual-polarization  radar  technique: 
future  prospects  in  meteorology 


accomplishments  and 


T.<\,  ScXlgSi  Pennsylvania  SCntic  Unlv.  i  Unlv.  Fsrlc^  PA,  USA 


Page 

881 

885 

889 

893 

897 

900 

901 

904 

908 

912 

914 

919 

921 

923 

927 

928 


Remote  sensing  of  random  media  with  ellipsoidal  imhomogenelties 

A.  Slhvola,  I.V.  Lindell,  Helsinki  Unlv.  of  Tech.,  Espoo,  Finland 


929 


xl 


Use  of  circular  polarization  In  a  marine  radar  positioning  system 

0.0.  rlichelson,  D.J.  MacNell,  E.V.  Jull,  Unlv.  of  British  Columbia, 
Vancouver,  BC,  Canada,  R.G.  Lyall,  H.H.  I,anzlner,  Offshore  Sys.  Ltd., 

N. Vancouver,  BC,  Canada 

The  frequency  and  polarization  dependence  of  complex  RCS  signatures 

S.  Rlegger,  D.  Kahny,  W.  Ulesbeck,  Unlv.  Karlsruhe,  Karlsruhe,  FR  Germany 

Effect  of  target  size  and  tilt  on  target  Identification  based  upon  full  polarlmetrlc 
radar  Imaging  data 

J.R.  Huynen,  FQ  Research,  Los  Altos  Hills,  CA,  USA 

Optimization  procedures  for  scattering  matrices  In  the  coherent  and  partially  coherent 
cases 

M.-M.  Boerner,  W-L  Yan,  A.B.  Kostlnskl,  Unlv.  of  Illinois,  Chicago,  IL,  USA 

Recent  advances  In  airborne  terrestrial  remote  sensing  with  the  NASA  AVIRIS,  Airborne 
SAR,  and  TIMS 

G.  Vane,  D.L.  Evans,  A.B.  Kahle,  NASA/JPL,  Pasadena,  CA,  USA 


Mineral  Identification  by  the  AVIRIS  data 

I.  Plppl,  CNR  -  IROE,  Firenze,  Italy 

A  study  of  the  Dolly  Varden  mountains,  Nevada,  through  the  use  of  broad  band  remote 
sensing  and  Imaging  spectrometry 

\  J.A.  Zamudlo,  W.W.  Atkinson  Jr.,  Unlv.  of  Colorado,  Boulder,  CO,  USA 

t^Mapplng  hydrothermally  altered  rocks  with  the  Airborne  Imaging  Spectrometer  fAIS-)''a^ 


the  Airborne 
F.A.  K 


borne  Vlslble/Infrared  Imaging  Spectrometer-,  .(AVIRIS)_JS3?  p  j/J 

.A.  Kruse,  D.L.  Taranlk,  Unlv.  of  Colorado,  Boulder,  CO,  USA  / 


Lithology  and  structure  within  the  basement  terrain  adjacent  to  Clark  Mountains 

California  mapped  with  calibrated  data  from  the  Airborne  Vlslble/Infrared  Imaging 
Spectrometer 

R.O.  Green,  G.  Vane,  NASA/JPL,  Pasadena,  CA,  USA 

k 

Comparison  of  Landsat  Thematic  Mapper  and  geophysical  and  environmental  research 

Imaging  spectrometer  data  for  the  Cuprite  mining  district,  Esmeralda  and  Nye 
counties,  Nevada 

K.S.  Klereln-Young,  F.A.  Kruse,  Unlv.  of  Colorado,  Boulder,  CO,  USA 

Identification  of  llllte  polytype  zoning  In  disseminated  gold  deposits  using 

reflectance  spectroscopy  and  X-ray  diffraction  -  potential  for  mapping  with 
Imaging  spectrometers 

F.A.  Kruse,  F.L.  Hauff,  Unlv.  of  Colorado,  Boulder,  CO,  USA 


Present  status  and  operation  history ttf  MOS-1 
K.  Aral,  NASDA,  Saltama,  Japan 

Interband  correlations  of  visible  and  thermal  Infrared  radiometer  Imagery  from  the 
Marine  Observation  Satelllte-1 

M.  Herlc,  Autometric,  Inc.,  Alexandria,  Virginia,  USA 

Verification  results  of  MOS-1  Microwave  Scanning  Radiometer  (MSR) 

K.  Maeda,  M.  Notomo,  S.  Ogawa,  H.  Sato,  Nat.  Sp.  Dev.  Agency  of  Japan, 
Saltama-ken,  Japan 

The  Canadian  MOS-1  project 

T.  Butlln,  M.  Manore,  R.A.  O'Neil,  OCRS,  Ottawa,  Ont.,  Canada 


xii 


Page 


Geometric  and  radiometric  correction  of  MOS-1  Imagery  In  a  Canadian  processing  system  987 

A.  Erickson,  OCRS,  Ottawa,  Ont.,  Canada,  B.  Robertson,  K.  Wlebe,  MacDonald 
Dettwller,  Richmond,  BC,  Canada 

A  study  on  tea  Ice  monitoring  using  MOS-l/MSR  991 

K.  Cho,  R.  Takeda,  Rem.  Sens.  Tech.  Cen.  of  Japan,  Tokyo,  Japan,  K.  Maeda, 

H.  Wakabayashl,  Earth  Obs.  Cen.,  Saltaroa-kan,  Japan 

An  evaluation  of  MOS-1  HESSR  data  for  land  applications  995 

W.M.  Strome,  PCI  Inc.,  Richmond  Hill,  Ont.,  Canada,  E.F.  LeDrew,  Unlv.  of 
Waterloo,  Waterloo,  Ont.,  Canada 

The  design  and  Implementation  of  the  European  Radar  Cross  Section  database  (EURACS)  996 

I. R.  Barnes,  Hunting  Tech.  Serv. ,  Herts,  UK,  D.  Brewster,  N.J.  Veck, 

GEC-Marconl  Res.  Cen.,  Essex,  UK,  A.  Sleber,  Ispra  Est.,  Ispra,  Italy 

Digital  simulation  of  terrain  backscatterlng  cross  sections  1000 

A.W.  Biggs,  Unlv.  of  Alabama,  Huntsville,  AL,  USA 

Object  orientated  design  demonstrated  by  SAR  raw  data  simulator  development  1004 

A.  Popella,  R.  Konjack,  F.  Lesske,  DFVLR,  Oberpfaffenhofen,  FR  Germany 

Noise  modeling  and  estimation  of  remotely-sensed  Images  1005 

J. S.  Leo,  K.  Hoppel,  Naval  Res.  Lab.,  Washington,  DC,  USA 

Simulation  of  subpixel  terrain  effects  on  radar  backscatterlng  of  snow  1009 

J.  Shi,  J.  Dozier,  Unlv.  of  California,  Santa  Barbara,  CA,  USA 

Calculation  of  the  spatial  distribution  of  scatterers  In  a  diffuse  scene  fron  SAR  data  1012 
C.C.  Wackerman,  Env,  Res.  Inst,  of  Mich.,  Ann  Arbor,  MI,  USA 

Combatting  speckle  In  SAR  Images;  Vector  filtering  and  sequential  classification  based  1016 
on  a  multiplicative  noise  model 

Q.  Lin,  J.  Allebach,  Purdue  Unlv.,  W.  Lafayette,  IN,  USA 

Visual  effect  of  speckle  reduction  on  Interpretation  of  one-look  SAR  photo  images  1020 

H.  Klmura,  N.  Motomura,  N.  Kodaira,  Rem.  Sens.  Tech.  Cen.  of  Japan,  Tokyo, 

Japan,  H.  Hlrowawa,  Inst.  Space  &  Astr.  Science,  Kanagawa,  Japan 

The  FLI  airborne  Imaging  spectrometer:  experience  with  land  and  water  targets  1024 


J.F.R.  Gower,  Inst,  of  Ocean  Sciences,  Sidney,  BC,  Canada,  R.A.H.  Buxton, 
Monlteq  Ltd.,  Concord,  Ont.,  Canada,  G.A.  Borstad,  G.A.  Borstad  Ass.  Ltd., 
Sidney,  BC,  Canada 


A  Compact  Airborne  Spectrographlc  Imager  (CASI)  1028 

S. K.  Babey,  C.D.  Anger,  ITRES  Res.  Ltd.,  Calgary,  Alta.,  Canada 

Imaging  spectrometry  at  the  focal  plane  1032 

T. S.  Pagano,  C.F.  Schueler,  L.M.  Woody,  Santa  Barbara  Res.  Cen.,  Golete, 

CA,  USA 

Quantitative  determination  of  Imaging  spectrometer  specifications  based  on  spectral  1036 

mixing  models 

A.F.H.  Goetz,  J.W.  Boardman,  CIRES,  Unlv.  of  Colorado,  Boulder,  CO,  USA 

Fluorescence  Ildar  design:  optimization  criteria  1040 

G.  Cecchl,  L.  Pantanl,  M.  Romoll,  Consigllo  Naz.  delle  Rlcerche,  Firenze, 

Italy 

Multl-fleld-of-vlew  Ildar  for  single  ended  measurement  of  extinction  coefficients  1043 

P.E.  LaRocque,  A.  Ulitsky,  Optech  Inc.,  Downview,  Ont.,  Canada 


xili 


Page 

Synchronous  fluorescence  spectroscopy  of  dissolved  organic  matter  to  optimize  Ildar  1046 

detection  parameters 

A.  Vodacek,  Cornell  Unlv. ,  Ithaca,  NY,  USA 

Lldar  studies  of  atmospheric  extinction  1050 

S.R.  Pal,  A. I.  Carswell,  A.G.  Cunningham,  York  Unlv, ,  North  York,  Ont., 

Canada 

The  NOAA  Geosat  program:  Monitoring  tropical  sea  level  with  satellite  altimetry  1053 

R.  Cheney,  B.  Douglas,  L.  Miller,  R.  Agreen,  N.  Doyle,  NOAA,  Rockville,  MD, 

USA 

Geold  estimates  In  the  Gulf  Stream  from  Geosat  altimetry  data  and  a  Gulfcast  mean  sea  1054 

surface 

D.L.  Porter,  Johns  Hopkins  Unlv.,  Laurel,  MD,  USA,  S.  Glenn,  A.  Robinson, 

Harvard  Unlv.,  Garabrldge,  MA,  USA 


Sea  level  variations  of  the  N.  E.  Atlantic  measured  by  Geosat  1058 

J.  Thomas,  Unlv.  Coll,  of  N.  Wales,  Gwynedd,  UK,  P.  Woodworth,  Bldston 
Observ. ,  Merseyside,  UK 

Sea-surfaoe  height  anomalies  In  the  north-east  Pacific  as  observed  with  the  Geosat  1059 

altimeter:  the  Sitka  eddy 

J.F.R.  Gower,  Instutute  of  Ocean  Sciences,  Sidney,  BC  Canada 

Mesoscale  variability  off  California  as  seen  by  the  Geosat  altimeter  1063 

P.  Flament,  Unlv.  of  Hawaii,  Honolulu,  HI,  USA,  P.M.  Kosro,  A.  Huyer, 

Oregon  State  Unlv.,  Corvallis,  OR,  USA 

Eddy  scales  resolved  by  the  Geosat  radar  altimeter  1069 

J.J.  Blsagnl,  US  Naval  Underwater  Sys.  Center,  Newport,  RI,  USA 

Analysis  of  the  fetch-related  bias  In  altimeter  wind  speed  measurements  1074 

R.E.  Glazman,  S.H.  Pllorz,  NASA/JPL,  Pasadena,  CA,  USA 

Global  altimeter  measurements  of  extremes  of  wind  speeds  and  wavehelghts  and  their  1077 

Impact  on  forecasting 

E.B.  Dobson,  Johns  Hopkins  Unlv.,  Laurel,  MD,  USA 
Satellite  altimetry:  Utilization  for  resource  exploration  1078 


D.  Dellkaraoglou,  Cdn.  Centre  for  Surveying,  Ottawa,  Ont.,  Canada,  J.A.R. 

Blais,  Unlv.  of  Calgary,  Calgary,  Alta.,  Canada,  E.R.  Kanasewlch,  Unlv.  of 
Alberta,  Edmonton,  Alta.,  Canada,  D.  Agourldls,  Geoscience  Integ.  Inc., 

Edmonton,  Alta.,  Canada 

NORCSEX  wind  stress  measurements  from  a  ship  and  a  buoy  1082 

K.L.  Davidson,  C.  Skupnlewlcz,  Naval  Postgrad.  Sch. ,  Monterey,  CA,  USA,  0. 

Skagseth,  Nansen  Rem.  Sens.  Cen. ,  Bergen,  Norway 

Scatterometer  measurements  of  wind,  waves  and  ocean  fronts  during  NORCSEX  1084 

R.G.  Onstott,  R.A.  Shuchman,  Env.  Res.  Inst,  of  Mich,  Ann  Arbor,  MI,  USA, 

J.A.  Johannessen,  0.  Skagseth,  Nansen  Rem.  Sens.  Cen.,  Bergen,  Norway,  K. 

Davidson,  Naval  Postgrad.  Sch.,  Montery,  CA,  USA 

Correlation  of  marine  radar  cross  section  statistics  with  wind  stress  during  NORCSEX  1089 

D.B.  Trlzna,  Naval  Res.  Lab.,  Washington,  DC,  USA,  K.  Davidson,  Naval 
Postgrad.  Sch.,  Monterey,  CA,  USA 

Scalar  winds  from  SSM/I  In  the  Norwegian  and  Greenland  Seas  during  NORCSEX  1090 

P.  Gloersen,  NASA/GSFC,  Greenbelt,  MD,  USA,  P.  Hubanks,  Res.  &  Data  Sys. 

Corp.,  Lanham,  MD,  USA 


1094 


Evaluation  of  Geosat  altimeter  wind  and  wave  data 

L. -A.  Breivik,  The  Norwegian  Meteorological  Institute,  Oslo,  Norway 

C-Band  synthetic  aperture  Radar  measurements  of  moving  ocean  waves  1098 

C.L.  Rufenach,  A.O.  Scheffler,  R.A.  Shuchman,  Env.  Res,  Inst,  of  Mich,  Ann 
Arbor,  MI,  USA,  J.A.  Johannessen,  Nansen  Rem.  Sens.  Cen.,  Bergen,  Norway 

Wave  measurements  on  Haltenbanken  during  NORCSEX  '88:  An  Intercomparison  of  buoy,  SAR  1104 
and  altimeter  data 

R.B.  Olsen,  S.F.  Barstow,  H.  Schyberg,  Ocean.  Co.  of  Norway,  Trondheim, 

Norway 

Experimental  Investigation  of  Imaging  geometry  effects  on  SAR-derlved  ocean  wave  1108 

spectra 

K.A.  Hogda,  J.P.  Pedersen,  T.  Gunerlussen,  H.  Johhsen,  FORUT,  Tromsoe, 

Norway,  T.  El toft,  Unlv.  of  Tromsoe,  Tromsoe,  Norway 

Automated  tracking  of  Arctic  Ice  floes  In  multitemporal  SAR  Imagery^’  1112 

R.  McConnell,  W.  Kober,  F.  Leberl,  Vexcel  Corp.,  Boulder.!  CO,  USA,  R.  Kwok, 

J.  Curlander,  NASA/JPL,  Pasadena,  CA,  USA 

Automated  analysis  of  polar  satellite  Imagery  1117 

J.  Banfleld,  Montana  State  Unlv.,  Bozeman,  MT,  USA,  D.  Rothrock,  Unlv.  of 
Washington,  Seattle,  WA,  USA 

Object-based  feature-tracking  algorithms  for  SAR  Images  of  the  marginal  Ice  zone  1121 

J.  Dalda,  J.  Vesecky,  Stanford  Unlv, ,  Stanford,  CA,  USA 

A  Hough  transform  technique  for  extracting  lead  features  from  sea  Ice  Imagery  1125 

F.M.  Fetterer,  R.J.  Holyer,  Stennls  Space  Center,  MS,  USA 

Extraction  of  ridge  feature  characteristics  from  SAR  Images  of  sea  Ice  1129 

J.F.  Vesecky,  M.P.  Smith,  R.  Samadanl,  Stanford  Unlv. ,  Stanford,  CA,  USA 

Automatic  estimation  of  Ice  kinematics  using  remote  sensing  data  1133 

H.  Flesche,  K,  Kloster,  T,  Olaussen,  O.M.  Johannessen,  Nansen  Rem.  Sens. 

Cen. ,  Bergen,  Norway 

Analysis  of  Ice  motion  vectors  determined  by  the  ASF  GPS  for  Seasat  SAR  observations  In  1137 
the  Beaufort  Sea 

F.  Carsey,  NASA/JPL,  Pasadena,  CA,  USA 

Preliminary  observations  of  Labrador  Sea  marginal  Ice  rone  rheology  using  C-Band  SAR  1138 

M. R.  Drlnkwater,  NASA/JPL,  Pasadena,  CA,  USA,  V.A.  Squire,  Unlv.  of  Otago, 

New  Zealand 

Evaluation  of  Ice  conditions  In  the  Northumberland  Strait  using  C  and  X  band  SAR  1142 

Imagery,  C 

J. A.  Dechka,  V.L.  Shaw,  F.G.  Bercha,  T.G.  Brown,  The  Bercha  Group,  Calgary, 

Alta. ,  Canada 

Measured  Ice  floe  sizes  in  the  Beaufort  Sea  1147 

W.J.  Stringer,  Unlv.  of  Alaska  Fairbanks,  Fairbanks,  AK,  USA 

Ice  kinematic  measurements  from  aerial  photography  1148 

T.G.  Brown,  J.A.  Dechka,  J.W.  Steen,  The  Bercha  Group,  Calgary,  Alta., 

Canada 

The  determination  of  Ice  displacements  from  sequential  SAR  lamgery  1152 

K. D.  Ollphant,  J.F.  Sykes,  E.D.  Soulis,  Unlv.  of  Waterloo,  Waterloo,  Ont. , 

Canada 


400 


COMPAHISOH  OF  THEORETICAL  AND  MEASURED  BRIGHTNESS  TEMPERATURE  OF  A  SOYBEAN  CANOPY 


R.H.  Lang\  U.  M.  Le  Vine 
P.  O'NeUl,  S.  Saatchl 
NASA  Goddard  Space  Flight  Center 
Greoribelt,  HD  20771  USA 


0.  Yazlcl 

George  Washington  University 
Washington,  D.C.  200S2  USA 


T.  Jackson 

US  Department  of  Agriculture 
Beltsvllle,  MD  20705  USA 


ABSTRACT 

Research  Is  being  performed  to  develop  a  model 
for  the  brightness  temperature  of  a  canopy  which  Is 
based  on  the  physical  characteristics  of  the 
vegetation.  This  Is  done  by  employing  the  Peake  model 
to  relate  the  scattering  coefficient  of  the  vegetation 
to  Its  radiometric  brightness  temperature  and  then  by 
using  a  discrete  scattering  model  to  compute  the 
scattering  coefficient.  A  distorted  Born  approximation 
Is  used  to  provide  a  tractable  solution  to  the 
scattering  problem. 

In  order  to  verify  the  theory,  a  comparison  has 
been  made  with  experiments.  The  measurements  were 
performed  at  the  USDA  Agricultural  Research  Center  In 
Beltsvllle,  Maryland  in  early  September,  1987. 
Radiometric  measurements  of  brightness  temperature 
were  made  at  L-and  C-band  over  a  crop  of  mature 
soybeans  along  with  ground  truth  measurements.  All 
model  Input  parameters  were  measured;  there  were  no 
"free"  parameters  to  adjust  In  order  to  obtain 
agreement  with  the  measurements. 

Results  showed  that  agreement  between  theory  and 
measurements  was  reasonable  for  horizontal 
polarization  at  both  L-  and  C-bands  with  dry 
underlying  soil.  Vertically  polarized  measurements 
also  matched  theory  at  C-band;  however,  the  L-band 
theory  did  not  track  the  data  closely. 

Key  words:  brightness  temperature,  microwave, vegetation 
INTRODUCTION 

In  this  paper  microwave  thermal  emission  from  a 
soybean  canopy  Is  modeled  by  a  layer  of  discrete 
scatterers  over  a  flat  lossy  ground.  Leaves  In  the 
canopy  are  represented  by  thin  lossy  dielectric  discs 
which  have  random  orientation  statistics  while  stems 
are  neglected.  The  brightness  temperature  Is  computed 
by  using  the  relationship  between  passive  and  active 
problems  [Peake,  1951,Tsang  et  al,  1982). 

The  active  problem  considered  Is  that  of  a  unit 
magnitude  plane  wave  Incident  on  the  canopy.  The 
method  makes  use  of  the  fact  that  the  plane  wave 
energy  absorbed  by  the  canopy  Is  equal  to  the  emission 
from  the  canopy  at  the  angle  of  plane  wave  Incidence 
under  conditions  of  thermodynamic  equilibrium.  Using 
energy  conservation  the  absorbed  energy  Is  directly 
related  to  the  energy  scattered  from  the  canopy 
surface.  Thus  the  passive  problem  Is  reduced  to  the 
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active  problem  of  computing  all  the  scattered  energy 
from  the  canopy  surface. 

The  plane  wave  energy  scattered  from  the  canopy 
surface  consists  of  a  specularly  reflected  portion 
from  the  underlying  ground  which  Is  attenuated  by  the 
canopy  and  a  portion  arising  from  scattering  by  the 


Fig.  1.  Soybean  canopy  model 

w'aves.  The  mean  or  average  wave  solution  In  the 
canopy  region  Is  used  to  compute  the  specular  portion 
while  the  hemispherical  surface  Integral  over  the 
blstatlc  scattering  coefficients  gives  the 
contribution  due  to  scattering  from  the  leaves.  Here 
the  distorted  Born  approximation  Is  used  to  compute 
the  blstatlc  scattering  coefficients. 

The  topic  of  emission  from  vegetation  canopies 
has  been  treated  by  many  previous  researchers  In  the 
context  of  remote  sensing  of  soil  moisture  In  the 
presence  of  a  vegetation  cover.  Basharlnov  and  Shutko, 
(1975)  and  Klrdlashev  et  al,  [1979]  treated  the 
vegetation  as  an  absorptive  layer  using  the  assumption 
that  the  scatterers  have  a  low  albedo.  This  model  has 
been  used  by  Jackson  et  al,  (1982)  to  compare 
measured  and  model  results.  Their  model  parameters 
were  roughly  estimated  using  ground  truth  data.  This 
same  model  has  been  used  by  Ulaby  et  al,  (1984)  to 
match  data  from  a  vegetation  covered  field  with 
screens  placed  between  the  rows  to  Isolate  surface  and 
vegetation  scattering  effects.  Mo  et  al,  (1982) 
modeled  the  canopy  by  solving  the  scalar  transport 
equations  under  the  assumption  that  the  scatterers  had 
peaked  scattering  patterns  In  the  forward  scattering 
direction.  This  theory  had  reasonable  agreement  with 
experiment  but  has  a  number  of  free  parameters  that 
can  be  adjusted.  Other  transport  theory  solutions  of 
the  continuous  or  discrete  type  have  been  made  by  Wang 
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et  al  (1984),  Eom  and  Fung,  (1985)  and  Tsang  et  al, 
(1985).  However,  In  all  cases  the  ground  truth 
Irforraation  has  never  completely  specified  all  the 
model  parameters  thus  leaving  certain  parameters  free 
to  adjust  within  certain  limits.  Other  references  are 
contained  In  a  review  by  Schmugge  et  al,  (1986). 

In  the  following  section  the  details  of  the 
passive  model  will  be  specified  and  related  to  the 
corresponding  active  problem.  The  solution  to  the 
active  problem  will  be  given,  thus  completing  the 
model  description.  In  the  next  section  the  experiment 
will  be  discussed  Including  a  summary  of  the  ground 
truth  data  collection  and  analysis.  In  the  final 
section,  a  comparison  between  the  calculated  results 
and  the  measured  data  will  be  made. 

Model  Formulation 

A  mature  soybean  canopy  of  thickness  d  is  modeled 
by  a  layer  of  lossy  dielectric  discs  having  random 
position  and  orientation  statistics.  It  Is  assumed 
that  the  discs  are  uniformly  distributed  in  the 
azimuthal  coordinate  and  that  they  are  randomly  placed 
throughout  the  layer. The  ground  under  the  vegetation 
is  represented  by  a  lossy  dielectric  half  space(Flg. 
1).  Thus  rough  surface  effects  and  effects  due  to 
an  open  canopy  structure  are  not  treated  by  this  model. 

The  emission  from  the  vegetation  and  underlying 
ground  Is  observed  by  a  radiometer  whose  look 
direction  makes  an  angle  0^  with  the  normal  to  the 

layer  as  is  shown  in  Fig.  1.  It  Is  assumed  that  the 
canopy,  air  and  ground  are  all  at  temperature  T  and 
thus  are  in  thermodynamic  equilibrium.  The  brightness 
temperature  T„  ,  where  q  is  the  polarization  of  the 

Bq 

received  energy,  can  be  normalized  to  the  physical 
temperature  of  the  layer  by  introducing  the 
emlsslvliy,  e^,  as  follows: 

T  =  e  T,  q  =  h,v  (1) 

Bq  q 

Here  h  and  v  stand  for  horizontal  and  vertical 
polarization.  As  defined  here  the  emissi-'ity  is 
associated  with  the  upper  surface  of  the  canopy. 

Although  the  emlsslvity  can  be  computed  using 
transport  theory,  it  is  instructive  to  employ  the 
Peake,  (1951)  method  relating  active  and  passive 
problems.  Consider  the  analogous  active  problem  having 
a  plane  wave  of  polarization  q  Incident  upon  a 
vegetation  layer  at  an  angle  with  respect  to  the 

layer  normal.  If  the  plane  wave  has  unit  power 
density,  then  that  portion  of  the  power  over  a  unit 
area  absorbed  by  the  layer  and  underlying  ground  Is 
called  the  absorption  coefficient,  a^Oj).  For  bodies 

in  thermodynamic  equ.*  librium,  the  power  absorbed  by  a 
surface  must  be  equal  to  the  power  emitted  from  It.  It 
follows  that 

a  (0  )  =  e  (0  )  ^2) 

q  1  q  1 


coefficient  are  directly  related. 

To  calculate  the  scattering  albedo,  the  amount  of 
power  scattered  into  the  upper  half  space  must  be 
computed  when  a  plane  wave  of  unit  power  density  is 
Incident  upon  the  vegetation  layer.  This  scattered 
power  consists  of  two  parts;  the  specular  and  the 
diffuse  components.  The  specular  component  arises  from 


Fig.  2.  Canopy  specular  and  diffuse  radiation 

the  incident  wave  being  reflected  from  the  underlying 
ground.  It  is  attenuated  as  It  passes  through  the 
vegetation  due  to  the  lossy  nature  of  dielectric 
discs.  The  diffuse  component  results  from  waves  that 
are  scatt.  ad  by  the  discs.  This  scattering  results  In 
waves  exiting  the  layer  into  the  air  region  in  all 
possible  directions. 

Quantitatively,  the  scattering  albedo  Is  broken 
up  into  two  components: 


W  (0,) 
q  1 


W  (0,) 

apq  I 


dfq  1 


(4) 


where  the  specular  component  and  Is  the 

diffuse  component.  The  specular  component  of  the 

albedo  is  equal  to  the  reflectivity  ,  F^^,  of  the 

vegetation  layer.  By  using  the  expression  for  the  mean 

wave  (see  Lang  and  Saleh,  1985)  the  surface 
reflectivity  can  be  directly  related  to  the 
reflectivity  ,r  ,  of  the  ground  and  the  attenuation 

of  the  vegetation.  The  expression  is: 

W  a  F  »  F  «'^V  (5) 

spq  sq  gq 


where  a  is  the  extinction  coefficient  for 

q 

polarization  q, 

a  =  p<r.  secO.,  (6) 

q  tq  1 

p  is  the  density  of  scatterers  and  cr  is  total 

scattering  cross  section  of  a  disc  averaged  over 
orientation.  The  factor  of  2  in  the  exponent  of  (5) 
indicates  that  the  wave  Is  attenuated  both  going  Into 
the  layer  and  coming  out  of  the  layer. 

The  diffuse  component  of  the  albedo  can  be 
obtained  (see  Peake,  1951)  by  integrating  over  the 
bistatic  scattering  coefficients  as  follows: 


If  the  absorption  coefficient  for  the  active 
problem  can  be  determined,  then  the  er.lsslvity  for  the 
passive  problem  will  be  known.  Thu  calculation  of  the 
csn  ijc  3ln>pl fcy  rclswing 


it  to  the  scattering  albedo,  H  ,  of  the  upper  canopy 

surface.  By  using  conservation  of  energy,  one  can 
readily  show  that 


a  (0  )  =  1  -  W  (0.)  (3) 

q  1  q  1 

and  thus  the  scattering  albedo  and  absorption 


47tcos  0. 


dll  ((r°  +  <r°  )cos0 

s  hq  '’q  S 


(7) 


Here  <r  (o,l)  is  the  bistatic  scattering  coefficient 
pq 

for  the  vegetation  layer  where  the  Incident  wave  has 
direction  i  and  polarization  q  while  the  scattered 
wave  has  direction  o  and  polarization  p.  From  (7),  it 
Is  seen  that  both  like  and  cross  polarized  components 
are  Integrated  over  an  upward  facing  hemisphere 
(Fig.  2). 
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The  distorted  Born  approximation  (see  Lang,  1981] 
can  be  used  to  obtain  approximate  expressions  for  the 
blstatlc  scattering  coefficients  which  should  be  valid 
for  L-  and  C-band  frequencies.  The  distorted  Born 
results  divide  naturally  Into  three  physically 
distinct  contributions:  a  direct  or  volume  scatter 

term,  <r“  ,  a  direct-reflected  or  Interference  term, 
„  ixi<<  „ 

<r  ^  ,  and  finally  a  reflected  term,  <r  .  In  equation 

pqdr  ■'  pqp 

format  this  becomes: 


o 

(T 

pq 


o 

<r 

pqa 


o 

+  O' 

pqr 


(8) 


The  last  term  Is  usually  negligible  unless  the 
reflectivity  of  the  underlying  surface  Is  close  lO  1 
which  Is  not  generally  the  case  for  soli.  As  a  result, 
this  term  will  be  neglected.  Following  a  procedure 
similar  to  that  found  In  Lang  and  Sldhu 
(1983) .expressions  for  the  direct  and  direct-reflected 
compo.nents  can  be  found  by  Integrating  over  all  single 
scattering  contributions  of  particles  embedded  In  an 
equivalent  disc  medium.  The  direct  contribution  Is 
given  by: 


0 

O'  =  P<r 
pqd  pqd 


-(oc  a  )d 
p  q 


a  a 
p  q 


(9) 


where  a  Is  the  attenuation  coefficient  for  Incident 

q 

polarization  q  as  given  by  (6)  and  a  Is  the 

P 

attenuation  coefficient  for  the  scattered  wave  of 
polarization  p.  Here  (6)  again  can  be  used  with  q 
replaced  by  p  and  6^  replaced  by  0^. 

The  direct-reflected  contribution  Is  found  to  be: 


,  -(a  -a  )d 

1  -  e  p  q 


pc'  r  - 

pqdr  sq 


a  “  a 
p  q 


-(a  -a  )d 

0  p  q 


1 


+  p<r  r 

pqdr 


where  f  and  r  are  the  canopy  surface  reflectivity 
sq  sp 

for  Incident  and  scattered  directions.  It  Is  given 
explicitly  for  the  incident  direction  by  (5).  In 
equations  (9)  and  (10)  the  scattering  cross  sections 
O'  ,  O'*  and  <r~  are  given  In  terms  of  4n  times  the 

pqd  pqdr  pqdr 

average  absolute  value  of  the  scattering  amplitude 
squared  at  the  appropriate  Incident  and  scattering 
angles. 

As  mentioned  previously,  the  leaves  In  the  canopy 
have  been  modeled  by  thin  dielectric  discs  having 
average  radius  a  and  thickness  T.  Those  parameters  are 
measured  In  the  field  along  with  the  leaf  dielectric 
constant  c  .  By  employing  a  quasl-statlc  approximation 

r 

which  Is  valid  when  the  leaf  in  thin  compared  to  a 
wavelength,  simple  expressions  for  the  blstatlc 
scattering  amplitude  of  the  leaf  can  be  obtained.  The 
attenuation  coefficients  and  scattering  cross  sections 
appearing  in  (bj,  (9)  and  (10)  can  oe  computed  by 
taking  the  appropriate  orientation  average  over  the 
scattering  amplitude.  An  expression  for  the  scattering 
amplitude  for  a  disc  Is  given  In  Le  Vine  el  al  (19851. 

MEASUREMENTS 


Beltsville  Agricultural  Research  Center.  The  data 
collected  have  been  used  to  see  how  the  measurements 
compare  with  the  results  obtained  from  the  model 
discussed  In  the  previous  section.  The  setup  Includes 
L-band  (1.4  GHZ,  21  cm)  and  C-band  (5.0  GHZ,  6  cm) 
truck  mounted  radiometer  systems.  Brightness 
temperatures  for  both  horizontal  and  vertical 
polarizations  for  Incident  angles  from  10°  to  60  In 
10  steps  have  been  measured.  The  nominal  height  of 
the  radiometer  from  the  canopy  surface  Is  6  m  which 
provides  a  footprint  of  almost  1.5  m  In  diameter. 

Past  attempts  to  compare  measurements  with  theory  ■ 
have  Ignored  the  structural  properties  of  the  canopy, 
and  free  parameters  have  been  used  in  ll>e  models  In 
order  to  fit  the  measured  data.  In  this  paper, 
however,  ground  truth  data  has  been  used  to  set  all 
the  parameters  In  the  model. 

The  data  has  been  taken  over  a  canopy  of  mature 
soybeans.  The  soybeans  are  planted  In  a  uniform 
fashion  to  avoid  the  row  structure  effects.  This  has 
resulted  In  soybeans  with  leaves  which  are  almost 
uniformly  distributed  In  the  azimuth  angle.  The  data 
Includes  orientation  and  size  distributions  of  leaves, 
volume  density  of  leaves,  canopy  height  and  the 
dielectric  constant  of  leaves  and  the  underlying 
soil.  Several  small  regions  in  the  field  have  been 
chosen  for  collecting  ground  truth  data  In  order  to 
have  a  representative  sample.  The  orientation  and 
size  distributions  are  depicted  In  Figures  3  and  4. 


INClINATrON  ANCLE  (OEO, 

Fig.  3  Soybean  leaf  Inclination  angle  distribution 
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A  series  of  measurements  has  been  conducted  in 
early  September  1987  at  a  lest  site  at  the  USDA 


Fig.  4.  Soybean  leaf  radius  distribution 
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The  orientation  of  the  leaf  is  defined  by  inclination 
and  azimuth  angles.  The  mean  inclination  angle  Is  29° 
degrees  which  Is  the  angle  between  the  normal  to  the 
leaf  surface  and  normal  to  the  ground  surface.  This 
means  that  leaves  are  mostly  parallel  to  the  ground 
and  slightly  pointing  upward.  The  azimuth  angle  which 
Is  measured  with  respect  to  a  reference  direction  In 
the  canopy  Is  considered  uniform.  In  calculating  the 
radius  distribution,  the  area  of  a  leaf  has  been  used 
to  obtain  the  radius  of  an  equivalent  circular  disc. 
Other  measured  quantities  used  in  the  model  are  as 
follows: 

a  =  2.9  cm  -  average  disc  radius 
T  =  0.2  mm  -  disc  thickness 
d  =  0. 8  m  -^height  of  canopy 
p  =  2050  /  m’’  -  density  of  leaves 

The  plants,  in  their  mature  state,  cover  the 
canopy  without  leaving  large  areas  of  open  ground. 
The  average  density  of  plants  Is  11.0  plants/m*, and 
the  leaf  area  Index  (LAI)  has  been  calculated  to  be 
4.85. 

The  dielectric  constant  of  the  underlying  soil 
has  been  measured  by  a  portable  dielectric  probe  at 
L-band.  The  same  probe  has  been  used  to  obtain  the 
dielectric  constant  of  a  stack  of  leaves.  The 
Instrument  has  the  capability  of  giving  average  values 
of  many  sample  readings.  These  values  have  been  used 
In  conjunction  with  the  curves  In  Hallikalnen  et  al, 
11985]  and  Ulaby  et  al,  (19871  to  obtain  the 
volumetric  moisture  and  consequently  the  dielectric 
constants  at  C-band.  It  has  been  found  that  the 
underlyyig  _^oll  has  a  volumetric  moisture  of  about 
0.05  cm"^. cm"'’and  for  such  a  dry  soli  the  changes  In 
the  real  and  Imaginary  parts  of  the  dielectric 
constant  are  negligible.  In  the  leaf  case  however, 
the  dielectric  constant  changes  from  23  +  16  at  L-band 
to  18  +15  at  C-band. 


RESULTS 


The  horizontal  and  vertical  brightness 
temperatures  versus  Incident  angle  are  depicted  In 
Figs.  5  and  6.  In  each  figure  the  experimental  and 
theoretical  values  are  compared.  The  theoretical 
results  are  obtained  by  directly  Inserting  the  ground 
truth  data  In  the  model.  The  figures  show  that  for 
both  L-band  and  C-band  the  theoretical  and 

experimental  values  are  In  reasonable  agreement.  It 
Is  observed  that^  there  Is  a  maximum  difference  of 
approximately  3  k”  between  measurement  and  theory  in 
the  C-band  horizontal  case  and  they  both  have  the  same 
trend.  In  the  vertical  case  however,  the  difference 
becomes  larger,  up  to  7  k”,  at  higher  angles.  This  Is 
due  to  the  brewster  angle  effect  In  the  theoretical 
result  which  appears  In  a  slightly  upward  trend 

whereas,  the  measurement  stays  flat  (Fig.  6).  This 
effect  uUch  is  more  noticeable  at  L-band  (Fig.  5),  up 
to  15  K°,  might  be  related  to  the  status  of  the 
radiometer  system  and  the  measurement  techniques. 
These  effects  are  still  under  Investigation. 

In  Figs.  7  and  8,  the  theoretical  result  for 

horizontally  polarized  brightness  temperature  has  been 
decomposed  into  the  various  scattering  contributions. 
There  are  five  curves  In  each  figure  and  they 

correspond  to  TD  ,  exper 1— .cntal  values,  T5  ,  half 
exp  0 

space  result,  half  space  result  attenuated  by 

the  layer,  TB  ,  direct  scattering  term  Included,  and 
80 

TB  ,  direct-reflected  ter.'ii  Included.  It  Is  seen 
sddr 


that  at  L-band  the  effects  of  the  scattering  terms  are 
minimal  and  the  spectral  return  which  l-'icludes  the 
reflection  from  the  soli  and  the  attenuation  through 
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Fig.  5.  Measured  and  calculated  brightness 
temperatures  at  1.4  KHZ 


Fig.  6.  Measured  and  calculated  brightness 
temperatures  at  5  GHZ 


the  canopy  dominates.  AT  C-band  (Fig.  8),  the  direct 
scattering  becomes  Important  and  has  a  contribution  of 
almost  10  K°.  The  direct  reflected  term,  however,  is 
not  Important  at  either  frequency  because  of  the  low 
reflectivity  of  the  ground.  This  result  Indicates  that 
at  L-band  the  scattering  from  the  vegetation  Is 
negligible  and  the  brightness  temperature  measured  by 
the  radiometer  Is  mainly  the  emission  from  the  ground. 
As  the  frequency  increases  the  effect  of  the 
scattering  from  the  layer  becomes  Important. 

It  Is  Important  to  mention  that  our  result  shows 
the  same  radiometric  behavior  of  vegetation  layers  as 
predicted  by  the  empirical  model  suggested  by 
Klrdlashev  et  al,  (1979).  In  their  model  the 

emlsslvity  of  the  soli  Is  multiplied  by  the 

attenuation  function  of  the  canopy.  In  the  model 
described  in  this  paper  If  one  Includes  only  the 
specular  return  In  equation  (4)  and  substitutes  (5) 
Into  (3)  and  then  (2),  the  result  reduces  to  the 
following  form  at  L-band: 


=  1  -  e 


q  =h,v 


(11) 


where  t 

q 


a  d  and  e 
q  qq 


r  are  the  optical 
qq 
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depth  and  the  emlssivlty  of  the  ground  respectively. 
Note  that  the  attenuation  function,  which  has  been 
found  empirically  In  Klrdlashev  et  al,  (1979),'  can  be 
related  to  the  various  structural  properties  of  the 
canopy  In  our  model.  This  analysis  shows  that  as  the 
frequency  Increases  and  the  effect  of  the  scattering 
becomes  Important,  the  absorptive  model  becomes  less 
valid. 
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Fig.  7  Contribution  of  various  scattering  effects 
to  L-band  brightness  temperature 
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Fig.  8  Contribution  of  various  scattering  effects 
to  C-band  brlghtnes  temperature 
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ABSTRACT 


A  FM-CNV  Ku-band  ground  based  scatterometcr  has 
been  modlPied  into  a  full  polarimetcr  for  experimental 
measurement  of  crop  and  soil  polarization  characteristics. 
This  paper  describes  the  polarimeter  data  collected  from 
t.  hc  test  plot  of  wheat  and  one  of  canola  during  the  1987 
Ground  Microwave  Operations  Experiment  in  Saskatoon. 
The  processing  of  this  data  into  polarization  state 
measurements  is  discussed  and  a  graphical  presentation  is 
made  of  the  polarization  ellipse  parameters  (the 
orientation  angle  (t!))  and  the  cHipticity  angle  (x)),  and 
the  polarization  ratio  (m).  Significant  variations  in  the 
polarization  ratio  as  a  function  incidence  angle,  day 
number,  and  transmit  polarization  indicate  that  the  plant 
material  unpolarizes  the  backscattered  Ku-Band  radiation. 
There  are  no  consistent  variations  in  either  of  the  ellipse 
angles,  which  suggests  that  there  is  no  consistent 
depolarization  of  the  backscattered  radiation.  The  canola 
exhibits  similar  unpolarization  signatures  for  both 
transmit  polarizations,  while  the  wheat  exhibits  a 
significant  unpolarization  signature  for  only  the  vertical 
transmit  polarization.  From  these  results,  inferences  are 
drawn  about  the  scattering  processes  for  wheat,  and 
canola. 

1,  Introduction 

Most  recently,  microwave  remote  sensing  studies  have 
focused  on  measuring  the  complete  polarization  state  of 
the  backscattered  radiation  from  an  active  source.  For 
example  Van  Zyl,  Zebker,  Evans  ct  al.  jl,  2)  have 
processed  SAR  data  .collected  using  the  JPL/NASA  air¬ 
borne  SAR,  into  polarimctric  scattering  measurements  to 
determine  the  backscatter  properties  of  different  terrain 
types  and  the  variation  in  backscatter  propeties  as  a 
function  of  the  transmitted  ellipticlaly  polarized  state. 
Based  upon  previous  VHF  radar  polarimetry  (3)  at  the 
University  of  Saskatchewan  (U  of  S),  th*  Ground 
Microwave  Operations  group  (GMO)  have  converted  the 
Ku-band  transceiver  of  the  Canadian  Centre  for  Remote 
Sensing  (CCRS)  multi-band  ground  based  scatterometer 
into  a  full  polarimetcr  j4)  in  order  to  study  the 
polarization  characteristics  of  crops  and  soils. 


The  Ku-band  Polarimeter 

The  CCRS  ground-based  transceivers  are  frequency 
modulated  (FM),  continuous  wave  (CW)  radars,  which 
transmit  eithei  horizontal  (H)  or  Vertical  (V')  linear 
polarization  states  and  receive  both  H  and  V  linear 
states.  The  received  H  and  V  RF  signals  are  mixed  with 
the  transmitted  RF  signal  to  produce  sum  and  difTcrence 
frequencies.  The  latter  IF  signal  at  audio  frequencies,  is 
sent  to  a  5%  22  kHz  bandpass  filter  to  pass  only  the 
power  collected  from  approximately  ±2.5%  of  the  selected 
range  (the  range  cell  size).  The  actual  range  is  set  by 
adjusting  the  slope  of  the  triangle  wave  used  for  FM 
modulation,  which  will  create  a  difference  frequency  of  22 
kHz  for  targets  at  that  range.  This  basic  FM  radar 
hardware  is  illustrated  in  outlined  (left  half)  of  Fig.  1. 

This  basic  scatterometcr  is  converted  into  a  polarimeter 
using  the  intensity  method  as  outlined  by  Sofko  |3]  and 
later  Poetteker  (4).  The  IF  H  and  V  signals,  prior  to 
power  detection  arc  the  input  to  audio  frequency 
summing  networks,  which  generate  outputs  proportional 
to  other  sele.  ted  intensities,  as  measured  by  different 
antennas.  As  derived  by  Born  and  Wolf  (5),  the  Stokes 
parameters  (sq,  Sj,  *21  *j)  he  expressed  as  the 

sum  or  difference  of  selected  elliptical  intensities  (H  - 
horizontal  linear,  V  -  vertical  linear,  X  -  linear  at  45 
degrees  to  H,  Y  -  linear  at  135  degrees  to  H,  R  -  right 
circular,  and  L  -  left  circular),  where  X  and  Y  are  the 
sum  and  difference  of  H  and  V  IF  signals,  and  R  and  L 
are  the  sum  and  difference  of  the  H  and  the  V  (with  a 
n’/2  delay)  IF  signals.  The  original  H  and  V  and  the 
four  new  intensity  signals  are  input  to  linear  power 
detectors  which  produce  output  voltages  proportional  to 
the  root  of  the  input  power.  Note  that  the  summing 
process  results  in  intensity  measurements  which  are  a 
factor  of  larger  than  the  original  H  and  V  channels, 
as  reflected  in  equations  1  to  4  where  the  Stokes 
parameters  are  calculated  from  the  Intensities.  The  right 
side  of  Fig.  1  illustrates  the  added  summing  networks 
and  the  resulting  four  new  intensity  measurements. 

=  i/2  +  (1)  *2  = 

(2)  .  =  _  1^2  (4) 
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V/  =  \/(4-^V)'+  (4-4)'+  (4-4)'  : 
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These  estimated  intensities  are  used  to  calculate  the 
average  polarization  state  parameters: 


3.  The  1987  GMO  Experiment 
In  the  1987  GMO  Experiment  data  was  gathered  from 
34  one  acre  test  fields  of  wheat,  durham  wheat,  barley, 
canola  and  fallow.  For  this  paper  test  plots  #13  (hard 
red  spring  wheat)  and  #73  (canola)  arc  selected  for 
analysis.  The  experimental  program  was  designed  to 
observe  each  test  plot  at  least  twice  each  week  through 
the  growing  season,  where  each  coservaiion  produces  a 
set  of  polarimeter  measurements  at  ten  incidence  angles 
(10,  15,  20,  25,  30,  35,  40,  50,  60,  and  70  degrees),  at 
three  row  aspect  angles  (0,  45,  and  90  degrees),  at  two 
transmitter  polarizations  (H,V)  and  at  three  range  cells 
(5%  of  range  centered  at  95%  of  the  desired  range  (cell 
1),  at  100%  of  the  desired  range  [cell  2],  and  at  105%  of 
the  desired  range  [cell  3]).  The  raw  polarimeter 
measurements  consist  of  1,  2,  or  3  sets  of  ten  trials 
(depending  upon  the  number  of  independent  samples  per 
measurement  as  determined  from  crop  height  and 
incidence  angle)  of  the  6  measured  linear  power  detector 
output  voltages,  which  are  proportional  to  the  root  of  the 
received  power.  The  six  measurements  consist  of  three 
orthogonal  intensity  pairs:  1)  K  and  V  designate 
horizontal  and  vertical  linearly  polariz’d  intensities,  2)  X 
and  Y  designate  linearly  polarized  inte-.isities  oriented  at 
45 '  and  135  *  with  respect  to  horizontal,  and  3)  R  and 
L  designate  the  right  and  left  circularly  polarized 
intensities. 


4.  Data  Processing  and  Calculation 


The  means  and  standard  deviations  of  the  measured 
voltages  squared  (ea'"  trial  squared,  then  statistics 
calculated)  represent  .ne  average  intensity  and  the 
statistical  error  for  each  of  the  six  intensity  channels.  As 

an  example  the  mean  incensity  of  H.  Ifj,  is  calculated  as 


1  ^  1 

hi  -  ;Y  ^  ^4)'  -  4,.  ■ 


(5) 


•  the  average  Stokes  parameters  as  outlined  in 
equations  1  through  4; 

»  or  the  average  polarization  ratio  m,  the 
average  orientation  angle  (0),  and  the  average 
ellipticity  angle  (x). 

The  estimated  average  ellipse  angles  and  polarization  ratio 
are  calculated  as  in  equations  6  through  9. 

5.  The  Polarization  Characteristics  of 
Wheat  and  Canola 

For  analysis,  the  received  polarization  state  is  compared 
with  the  transmitted  state.  Any  changes  in  the 
polarization  state,  as  shown  by  changes  in  m,  t(',  and  Xi 
are  attributed  to  the  target  media.  Two  general 
categories  of  polarization  effects  are: 

1. dcpolarization:  the  transfer  of  power  from  the 

elliptically  polarized  transmit  state  to 
another  elliptical  state,  as  identified  by  a 
change  in  and  x; 

2. unpolarization:  the  transfer  of  power  from  the 

elliptically  polarized  transmit  state  to 
the  unpolarized  state,  as  denoted  by  a 
decrease  in  m  or  an  increase  in  the 
unpolarized  intensity,  7^. 

The  calculated  polarization  parameters  are  displayed  in 
two  formats: 


•  A)  the  parameter  with  error  bars  as  a  function 
of  incidence  angle  (Fig.  2  for  wheat  and  Fig. 

3  for  canola); 

•  B)  the  parameter  on  the  Z  axis  of  a  3 
dimensional  plot  with  time  (in  day  number 
tlirough  the  growing  season)  on  the  X  axis  and 
with  incidence  angle  on  the  Y  axis  (Fig.  4  for 
wheat  and  Fig.  5  for  canola). 

The  2-D  plots  of  m  establish  that  significant  decreases  of 
the  polarization  ratio  (or  increases  in  the  unpolarized 
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power  component)  occur  in  all  crops  as  a  function  of 
incidence  angle,  transmit  polarization  and  time.  The  2-D 
plots  of  t4  and  x  determine  that  both  the  orientation 
angle  and  ellipticity  angles  do  not  vary  significantly  form 
the  transmitted  polarization  angles,  which  indicates  that 
there  is  no  consistent  depolarization  occurring  due  to  the 
crops.  The  3-D  plots  display  more  data  on  one  plot  for 
(pialitative  evaluation  of  the  timc/incidence  angle 
polarization  signatures  for  the  different  crops.  Based  on 
a  review  of  Fig.  4  and  Fig.  5  (for  wheat  and  canola 
respectively),  the  most  important  observation  is  that 
significant  unpolarization  signature  occurs  only  at  vertical 
transmit  polarization  for  wheat,  while  a  dilTerent  (and 
significant)  unpolarization  signature  occurs  at  both 
transmit  polarizations  for  canola. 

From  these  obser\ations,  some  general  conclusions  about 
the  scattering  properties  of  crop  canopies  arc. 

•  crop  canopies  unpolarizc  the  incident  Ku-bar.d 
radiation,  as  a  function  of  time  or  development 
of  the  crop; 

•  crop  canopies  do  not  show  any  consistent 
depolarization  characteristics; 

•  crop  canopy  geometry  affects  the  sensitivity  of 
the  scattering  process  with  respect  to  transmit 
polarization  state  orientation. 

Previous  studies  by  Lc  Toan  et.  al.  [C]  suggest  that  the 
loss  factor  for  a  medium  is  correlated  with  the  volumetric 
water  content  of  the  canopy,  and  further  that  the  loss 
factor  for  wheat  is  much  larger  for  vertical  transmit 
polarization  than  for  horizontal  transmit  polarization. 
The  loss  factor  for  wheat  also  shows  the  same  trend  as 
the  polarization  ratio,  or  the  unpolarized  power  content 
for  wheat,  indicating  that  the  two  parameters  may  be 
correlated.  Ulaby  [7]  also  indicates  that  the  loss  factor 
(attenuation)  for  soybeans  measured  and  theoretical 
(calculated  from  the  volumetric  water  content  of  the 
stems  and  heads)  are  well  correlated.  The  polarization 
ratio  signatures  for  wheat  and  canola  show  similar  trends 
to  those  given  by  Ulaby  (page  2114,  Vol  III,  (7])  for 
soybeans  as  a  function  of  time  or  crop  development;  as 
the  crop  grows  Mie  canopy  moisture  content  increases  and 
the  polarization  ratio  decreases,  but  when  the  crop  starts 
to  mature  and  dry  out,  the  polarization  ratio  increases 
back  to  approximately  1.0. 

Another  important  conclusion  drawn  from  these  results 
is  that  because  the  primary  polarization  characteristic  of 
canopies  is  unpolarization,  standard  cross  polarization 
measurements  '’°VH  primarily  due  to 

backscattered  unpolarized  power.  These  measurements 
are  proportional  to  (l/2)/y.  the  unpolarizcd  power 
content  of  the  channel,  since  there  is  only  a  small  and 
inconsistent  depolarization  of  co-polar  power  into  cross 
polar  power.  Using  the  same  line  of  reasoning  the  co- 
polar  measurements  or  a^yy  consist  of  both  a 

polarized  and  an  unpolarized  component,  h  -  ^pol  +  V 
Given  the  transmit  polarization  sensitivity  results  for 
wheat  established  by  Lc  Toan  ct.  al.,  an  explanation  for 
the  unpolarization  effect  observed  at  the  vertical  but  not 


at  the  horizontal  transmit  state  is  that  the  vertical  stems 
of  the  wheat  absorb  a  much  larger  portion  of  the 
polarized  component  at  V  than  at  H.  The  polarization 
ratio  will  decrease  as  a  function  of  absorption.  If  the 
absolute  magnitude  of  the  unpolarized  components  at 
both  transmit  V  and  H  are  the  same  then  the 
polarization  ratio  at  V  will  be  lower  than  at  H. 


6.  Conclusions 

In  summary,  it  is  clear  that  the  measurement  of  the 
polarization  characteristics  of  wheat  and  canola  crop 
canopies  is  useful  in  developing  a  better  understanding  of 
the  scattering  properties  of  canopies  in  general.  The  crop 
canopies  tend  to  unpolarize  incident  Ku-band  elliptically 
polarized  radiation  with  distinct  time  -  incidence  angle 
signatures.  Furthermore,  the  unpolarization  process  is 
dc|)endent  upon  the  geometry  of  the  crops,  where  a 
vertically  oriented  crop,  such  as  wheat,  exhibits  much 
larger  unpolarization  at  transmit  V  than  at  H  and  where 
a  more  randomly  oriented  crop,  such  as  canola,  exhibits 
similar  unpolarization  characteristics  for  both  transmit 
polarizations.  These  results  also  suggest  that  the 
polarization  ratio  is  negatively  correlated  (or  the 
unpolarized  power  is  positively  correlated)  with  the 
canopy  loss  factor  and  volumetric  water  content. 
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Fi)",  2.  Pclarization  State  Parameters  vs  Incidence  angle 
for  Wheat(Katcpawa)  on  August  4,  1987, 
at  Row  Aspect  Angle  =  90 ' ,  for  Range  Cell  1 


Fig.  3;  Polarization  State  Parameters  vs  Incidence  angle 
for  Canola(Tobin)  on  AugustlS,  1987, 
at  Row  Aspect  Angle  =  90  * .  for  Range  Cell  1 
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Fig, 4.  Polarization  Ratio  vs  Incidence  Angle  and  Time 
for  Wheat(Katepawa)  at  Row  Aspect  Angle  =  90  * 
atRange  Cell  1 


Manzation  Ratio  Rir  Plot  73  (CANOLAl 
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June  9  to  Sept  28. 1987. 
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June  9  to  Sept  28. 1987. 


Fig,  5:  Polarization  Ratio  vs  Incidence  Angle  and  Time 

for  Canola(Tobin),  at  Row  Aspect  Angle  =  90*, 
at  Range  Cell  1 
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Abstract 


Classifying  crop  fields  is  one  of  inkoresLing  objectives  in 
developing  remote  microwave  sensing  techniques. 

A  backscatter  experiment  of  a  burdock  field  by  an  X-band  FM-CW 
radar  was  carried  out  in  order  to  obtain  basic  data  for  this 
study.  That  is,  the  radar  was  moved  2.3  in  at  the  constant  speed 
of  about  7  cm/s  In  the  direction  perpendicular  to  the  ridge  line 
with  the  beam  direction  parallel  to  the  ridge  line  at  tlie  antenna 
heights  of  3.5  m  and  2.0  w  above  the  top  of  canopy  level  at  the 
Incident  angles  of  45  degrees  and  60  degrees,  respectively. 

As  a  result,  the  ridge  interval  In  the  field  and  the  Je.af  size 
could  be  detected  by  the  analysis  of  the  backscattered  power 
fading,  o.  g.,  deriving  the  auto-correjation  function.  The 
detection  of  these  sizes  could  be  also  found  to  depend  on  the 
incident  angle.  Moreover,  an  Interesting  dependence  of  the 
polar izatlonal  combination  of  Irradiated  and  backscattered  wave.*; 
on  the  burdock  plant  shape  could  be  found  from  observation  for 
ttie  four  polarizations,  VV,  VH,  HH  and  HV. 

Key  words.  Mn.iowiUe  Backscatteriiig,  Burdock  Field,  .\-band  FM-CW  Radar,  Fading,  and  Plant  Shape 


1.  Introduction 

Surface  roiighnes-s,  furrow  direction  and 
plant  shape  are  important  parameters  in 
classifying  crop  fields.  A  crop  field  ii- 
sually  has  a  periodic  feature  due  to  a 


ridge,  namely  one  of  a  set  of  raised  strips 
In  the  field.  Analysis  of  fading  is  an  at¬ 
tempt  to  extract  the  Information  of  plant 
shape . 

The  wavelength  of  periodic  feature  of 


homoy*iiK‘OU!>  nieOium,  e.  q.  ,  oceon  surface  can 
bo  UotecleU  by  the  auto-corralut Ion  fun- 
<  non  of  b;u  k  sent  tor  eci  power  fadlny  data 
(Keisswan  and  Johnson,  1979).  Ke  detected 
the  periodic  characteristics,  i.  e.,  ridge 
uit°r\al  and  ear  size,  of  a  rice  vegetation, 
.vl'ich  is  composed  of  lietei ogon ious  media, 
by  analvzing  fading  data  (Kurosu  et  al., 

198.  ).  Tliey  also  found  that  a  periodic  fa 
ding  caused  by  a  periodic  characteristic  of 
vegetation  can  make  a  two-peak  configura¬ 
tion  whii.ti  IS  superposed  In  the  probability 
density  function  of  backscattered  power 
fading  data. 

A  backscatter  experiment  of  a  burdock 
field  was  carried  out  in  Tsukuba  city  of 
tbarakl  prefecture  in  .Se!>.,  1987.  Observa¬ 
tional  and  analytical  results  will  supply  a 
Information  to  crop  classifying. 

2.  E.xperii.ient 

Till*  used  radar  is  an  X  band  t'M-CK  radar 
with  the  operational  frequency  of  9.6  GHz, 
with  the  triangular  modulttlon,  with  the 
sweep  width  of  200  MHz,  wltli  the  modulation 
frequency  of  850  Hz  and  with  the  transmit¬ 
ter  power  of  10  mW.  A  circular  horn  antenna 
Was  used,  which  Is  co-operat loriaJ  for 
transmitting  and  receiving  with  the  beam 
width  of  11  degrees. 

The  IF  output  of  the  receiver  with  the 
beat  frequency  was  supplied  to  the  high 
pass  filter  of  the  lower  frequency  of  6  kHz 
and  to  the  band  pass  filter  of  the  band 
with  of  3  kHz.  The  output  of  the  latter 
filter  was  envelop-demodulatod  and  ampli¬ 
fied  in  logarithmic  mode.  The  Log.  Amp. 
output  of  the  backscattered  power  was 


analog- recorded  on  a  magnetic  tape  and  on  a 
chart . 

A  burdock  field  (seeding  day:  May  16)  was 
taken  a  photograph  from  the  direction 
parallel  to  the  ridge  line  at  the  sight 
(incident)  angle  of  about  45  degrees,  and 
covered  by  broad  leaves  as  shown  in  Fig. 

1.  The  ground  truth  data  Is  listed  in  Table 
1.  The  observational  conditions  are  already 
described. 

3.  Results  and  discussion 

The  fading  data  against  moved  distance 
recorded  on  magnetic  tape  was  converted  from 
analog  to  digital  iit  the  saiiipling  frequency 
of  100  Hz  througlit  the  low  pass  filter  of 
the  upper  frequency  of  100  Hz.  Dag i tall zed 
fading  data  Is  shown  In  Fig.  2  for  each  in¬ 
cident  angle.  One  sublntervaJ  giving  2048 
samples  was  extracted  from  each  Interval  of 
2.3  III  to  be  analyzed.  The  radar  moving  speed 
was  maintained  constant  as  far  as  possible 
during  tlie  observation  for  each  incident 
angle  and  each  polarization,  but  different 
from  each  other  in  eacli  observation.  So  the 
length  of  analyzed  subinterval  is  different 
from  each  other  and  given  by  the  range  of 
the  auto-correlation  function.  The  method  of 
analysis  should  be  referred  to  Kurosu  et 
al.,  1988,  adding  using  the  deviation  of 
observed  probability  density  bar  graph  from 
the  value  at  the  middle  point  of  each  mesh 
of  bar  graph  of  Its  appro.xlmate  curve. 

The  auto-correlation  functions  are  shown 
in  Fig.  3.  The  vegetation  period  is  given  by 
the  well-auto-correlated  wavelength.  By 
comparing  this  wavelength  to  the  ground 
tiuth  data,  one  plant  part  and  Its  size  can 
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be  dotecLod.  As  o  result,  the  ridge  Inter- 
\<.'il  could  be  measured  by  bO  degree  incident 
angle  and  HH  poJariiiation  and  the  average 
leaf  size  of  about  27  era  was  by  45  degree 
Ineidont  angle  and  VH  polarization.  And 
there  exists  other  incident  angle  and  po¬ 
int  ization  cumlunatiun  which  detected  tliese 
sizes  with  weak  auto-corrolation  (listed  in 
Table  3) . 

bar  graphs  of  each  observed  probability 
density  of  backseat tered  power,  an  appro- 
.xlmute  curve  denoted  by  the  character  "A" 
and  a  weight  function  are  shown  in  Fig.  4 
for  each  incident  angle  and  each  polariza¬ 
tion.  Values  of  parameters  of  weight  fun¬ 
ctions,  Expansion  coefficients  of  weighted 
norraallzed  ortliogonal  polynomials  and  ap¬ 
proximate  errors  are  listed  in  Table  2 
(a)-(c),  respectively.  Fig.  5  shows  the 
weighted  normalized  orthogonal  polynomial 
with  (iiaximuiii  absolute  e.spansion  coefficient 
for  each  incident  angle  and  each  polariza¬ 
tion.  For  45  incident  angle  and  VH  polari¬ 
zation  for  leaf  size  detection,  the  bar 
graph  in  Fig.  4  (a)  iias  two  raising  por¬ 
tions  at  backscattered  powers  giving  two 
peaks  of  the  curve  in  Fig.  5  (a).  This  is 
found  in  the  rice  field  experiment  for  the 
detection  of  ridge  Interval  (Sultz  et  al,, 
1987).  All  results  are  listed  in  Table  3. 

4.  Conclusions 

As  shown  in  Table  3,  the  ridge  Interval 
and  the  leaf  size  could  be  detected  by  the 
auto-correlation  function,  but  the  polari¬ 
zations  for  the  ridge  interval  detection 
are  different  from  between  each  incident 
angle  and  this  applies  to  the  leaf  size 


detection.  From  these  results,  the  microwave 
backseat  tor  at  .K-band  depends  on  the  plant 
shape  and  on  the  incident  angle.  II  may  be 
an  interesting  problem  to  study  the  polafi- 
zational  dependence  on  the  plant  .shape. 

We  would  express  our  gratitude  to  Mr.  T. 
Ojlraa,  the  chief  of  the  remote  sensing  re¬ 
search  section  and  Dr.  T.  Aklyama,  tlie  chief 
of  the  Agro-Biologlcal  Measurement  tab.  of 
the  National  institute  of  Agro-Environmental 
Sciences,  Ministry  of  Agriculture,  Forestry 
and  Fisheries. 
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Fig.  1.  Photograph  of  a  burdock  field. 


ppxaieaaPEEaSiWNicsdoo/oiv.) 

(a)  Incident  angle:  45  degrees.  (b)  Incident  angle:  60  degrees 


Fig.  3.  Auto-correlat ion  functions,  denoting 
ma.ximum  value  and  polarization. 
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(a)  Incident  angle;  45  degrees. 
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Fig.  2.  Microwave  backscatter  data  from  a 
burdock  field,  denoting  full  length  of  radar 
moved  distance  and  polarization. 
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8ACRSCAITERE0  POHERTORB.  UNIT  I 

(a)  Incident  angle:  45  degrees. 


BOCKSCATTERED  POHERIRRB.  UNIT) 

(a)  Incident  angle:  45  degrees. 


(b)  For  Incident  angle  of  60  degrees;  omitted. 


(b)  Incident  angle:  60  degrees. 

Fig.  4.  Observed  probability  densities, 
their  approximate  curves  Indicated  by  "A" 
and  weight  functions,  denoting  polarization. 


Fig.  5.  Weighted  normalized  orthogonal  po¬ 
lynomials  with  maximum  absolute  expansion 
coefficients,  denoting  polarization,  norma¬ 
lization  degree  and  coefficient  sign. 


Tabic  1.  The  ground  truth  data  of  a  ! 

burdock  field. 

Ridge  interval  Hill  interval 

Plant  height 

Major  leaf  axis  Minor  leaf  axis 

EAI 

50  CB 

30  CD 

i:  55  CB 

~  30  CB  26  CB 

8.6 

Table  2  (a).  Values  of  parancters  of 

Table  2  (c).  Approxinate  errors  (r. 

n. s.  values 

ttCight  functions. 

(XIO^  (percent  density))). 

Incident  angle; 

45  degrees. 

Incident  angle:  45  degrees. 

Paraneter 

a 

s 

Pol.  VV  VH 

HH 

HV 

Pol.  VV 

0..573 

18.9 

Error  0.00311  0.00615 

0.00460 

0.00178 

VH 

0.603 

7.40 

Incident  angle:  60  degrees. 

IIH 

0.343 

10.3 

Error  0.00199  0.008.57 

0.00543 

0.00274 

IIV 

0.376 

16.8 

Incident  angle: 

60  degrees. 

Pol.  VV 

0.646 

16.3 

VH 

1.04 

6.19 

HH 

0.799 

4.74 

HV 

0.648 

13.2 

Table  2  (b).  Expansion  coeff icients  of  meightcd  noraalized  orthogonal  polynoaials. 


Incident  angle: 

45  degrees. 

Degree 

3 

4 

5 

6 

7 

8 

9 

to 

Pol. 

VV 

0. 158 

0.212 

0.169 

0.0906 

VH 

0.0844 

0.0569 

-0.0115 

-0.0449 

HH 

0.0167 

-0.06.56 

-0. 146 

-0.161 

HV 

-0.00921 

-0.0861 

-0. 147 

-0.163 

-0. 149 

-0.123 

-0.0949 

-0.0682 

Incident  angle: 

60  degrees. 

Pol. 

VV 

0.00851 

-0.0229 

-0.0190 

0.0189 

0.0535 

0.0605 

VH 

0.0928 

0.0654 

0.00478 

HH 

0.0428 

-0.0216 

-0.0998 

-0.129 

-0.110 

-0.0718 

-0.0375 

-0.0159 

HV 

0.09.55 

0.0606 

-0.0.378 

-0. 109 

-0.118 

-0.0794 

Table  3.  The  analytical  results  of  the  fading  for  a  burdock  field. 


Incident 

angle;  45  degrees. 

\  Item  HaxiBUB  absolute 

Existence  of 

Correlated 

Corresponding 

Polari-\ 

expansion 

coefficient 

auto-correlation  distance  (cb) 

plant  part 

zation 

^  Degree 

Value 

VV 

4 

0.212 

none 

50  (inversely 

)  ndgo 

VH 

3 

0. 0844 

exist. 

leaf 

veak  exist. 

SO 

ridge 

HH 

8 

-0. 161 

none 

HV 

6 

-0.163 

none 

;;27  (inversely) 

leaf 

none 

50  (inversely) 

ndge 

Incident 

angle:  60  degrees. 

VV 

8 

0.0605 

none 

SO  (fsiverselyl 

ndge 

VH 

3 

0.0928 

locak  exist. 

50 

ndge 

fill 

6 

-0. 129 

ocak  exist. 

2:27 

leaf 

exist. 

50 

ridge 

HV 

7 

-0.118 

none 

.50  (inversely) 

ridge 

Note: 

4: ;  This  scans  that 

the  auto-corrolational  value 

inversely  decreases. 
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RADAR  EN  AGRICULTURE :  RfeULTATS  PR^LIMINAIRES 
SUR  UN  SITE  AGRICOLE  AU  QUEBEC 


K.  P.  B.  Thomson,  R.  Landry,  G.  Edwards  et  M.  Cantin 


Centre  de  Gdomatique 

IMpattement  des  Sciences  Gdoddsiques  et  de  Tdl^ddtection 
University  Laval 
Ste-Foy,  Qudbec 


ABSTRACT 

During  the  summer  of  1988,  C  and  X  band  SAR  data  were 
obtained  over  an  agricultural  test  site  in  Quebec.  The  study  area 
is  situated  in  tl.e  municipality  of  Saint-Ldonard  d' Aston  on  the 
south  shore  of  the  St.  Laurence  river.  The  SAR  data  were 
acquired  at  four  times  during  the  growing  s  ason  (May  16,  June 
6,  July  15  and  August  4  ).  The  site  was  imaged  from  three 
different  directions  on  each  date.  One  direction  was 
perpendicular  to  the  field  direction.  A  second  direction  was 
flown  parallel  and  a  third  was  approximately  45°  to  the  field 
direction.  Data  on  the  various  crops  were  also  acquired  during 
each  overflight. 

The  SAR  data  for  July,  at  two  illumination  angles,  have  been 
registered  to  a  map  base  and  classified.  The  a^cultural  data, 
the  cartographic  information  and  the  classification  results  have 
integrated  into  a  Pamap  geographical  information  system.  The 
preliminary  results  show  that  the  illumination  direction  is 
important  for  certain  crops.  This  effect  can  also  influence  the 
overall  classification  accuracy.  The  highest  overall  classification 
accuracy  was  obtaineo  wim  the  X  band  data. 

Keywords;  SAR,  Agriculture,  Classification. 

RfiSUMi 

Le  but  de  cette  communication  est  de  prysentcr  des  rAsultats 
pryiiminaires  d'analyse  des  donndes  ROS  (Radar  ^  Ouverture 
Synthytique)  ayropony  sur  un  site  agricole  au  Quybec.  Le  site  h 
rytude  est  k  Saint-Ldonard  d'Aston  dans  la  vallde  du  Bas 
Saint-Laurent. 

Pendant  rdtd  1988,  quaere  survols  du  ROS  adroporty  du  Centre 
canadien  de  tdiyddtection  ont  dtd  effectuds  sur  le  site.  Les  dates 
des  survols  dtaient  le  16  mai,  le  6  juin,  le  15  juillet  et  le  4  aofit. 
A  chacune  de  ces  dates,  la  zone  d'dnide  a  dtd  survolde  dans  trois 
directions  (169°,  232°  et  132°),  ^  deux  fndquences  (la  bande  C  et 
la  bande  X)  et  a  une  polarisation  HH. 

L'analyse  prdliminaire  s'est  faite  h  partir  des  donndes  ROS  du 
mois  juillet  1988  h  deux  angles  d'illumination.  Ces  donndes  ont 
dtd  corrigdes  gdomdtriquement  a  la  carte  cadastrale  du  site  et  ont 
dtd  stockdes  avec  les  donndes  agricoles  dans  un  systdme 
d'information  a  rdfdrence  spatiale  (S.I.R.S.). 

L'analyse  des  rdsultats  de  classification  ddmontrent  que  la 
direction  d'illumination  du  radar  par  rapport  a  I'orientation  des 
champs  s'avdre  importante  pour  certaines  cultures.  La  bande  X 
donne  le  plus  haul  pourcentage  de  classification  pour  les  cinq 
classes  d'utilisation  du  sol  retenues. 

Mois-clds:  Radar,  Agriculture,  Classification. 
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1.  INTRODUCTION 

Le  but  de  cette  communication  est  de  prdsenter  des  rdsultats 
prdliminaires  d'analyse  des  donndes  ROS  (Radar  a  Ouverture 
Synthdtique)  adroportd  sur  un  site  agricole  au  Qudbec.  La 
prdsente  dtude  constitue  un  projet  conjoint  entre  I'Universitd 
Laval,  I'Universitd  de  Sherbrooke  et  le  Centre  canadien  de 
tdldddtection  (C.C.T.).  Le  site  est  a  Saint-Ldonard  d'Aston 
dans  la  vallde  du  Bas  Saint-Laurent. 

Un  des  objectifs  de  I'dtude  est  I'dvaluation  des  donndes  ROS 
pour  des  fins  d'inveiitaire  agricole.  Plus  particulidrement,  cette 
communication  traitera  de  i'effet  de  la  direction  d'illumination  du 
ROS  sur  la  prdcision  des  classifications.  II  sera  aussi  discutd 
des  diffdrences  dans  ies  classifications  agricoles  rdsultant  de 
I'utilisation  simple  ou  combinde  des  deux  frdquences  du  radar 
(bande  C  ou  bande  X). 


2.  LESITE 

Le  site  h  I'dtude,  couvrant  une  superficie  d'environ  9  km  carrd, 
se  trouve  dans  ia  municipality  de  Saint-Ldonard  d'Aston.  Cette 
rdgion  est  sur  la  rive  sud  du  Saint-Laurent,  h  mi-chemin  entre 
Sherbrooke  et  Qudbec.  Le  relief  de  la  rdgion  est  peu  accidentd. 
Parmi  les  principales  cultures,  on  trouve  le  mal's  (25%),  les 
cdrdales  (principalement  I'orge  12%  et  I'avoine  10%),  le  foin 
(37%),  le  pSturage  (5%)  et  les  pommes  de  terre  (5%)  (Bernier  et 
al,  1987).  Dans  les  champs  de  foin,  on  trouve  la  luzerne  et  le 
trdfle.  Les  pSturages  sont  souvent  des  friches  herbaedes. 


3.  ACQUISITION  DES  DONNIES 

Durant  I'dtd  1988,  quatre  survols  du  ROS  adroportd  du  Centre 
canadien  de  tdldddtection  (Livingston  et  al.,  1987)  ont  dtd 
effectuds  sur  le  site  d'dnide.  Ces  survols  ont  eu  lieu  le  16  mai, 
le  6  juin,  lel5  juillet  et  le  4  aoilt.  A  chaque  date,  la  zone  d'dtude 
a  dtd  survolde  dans  trois  directions,  169°,  232°  et  132° 
respectivement  (voir  figure  1).  De  plus,  les  donndes  ROS  dans 
la  bande  C  et  dans  la  bande  X  (polarisation  HH)  ont  dtd  prises 
pour  chacune  de  ces  dates.  La  rdsoiution  spatiale  est  d'environ  6 
mdtres  au  sol  pour  sept  vues.  Les  donndes  image  re9ues  du 
C.C.T.  ont  dgalement  subi  une  compression  de  racine  carrde  afin 
de  !es  icuuuc  eil  fuiniai  de  8  bits. 

Une  visite  sur  le  terrain  a  dtd  faite  h  chacune  des  dates  de  survol 
dans  le  but  de  recueillir  I'information  pertinente  sur  les  cultures 
et  sur  leur  stade  de  ddveloppement.  L'ensemble  de  ces  donndes, 
ainsi  que  routes  auoes  donndes  auxiliaires,  ont  dtd  colligdes  dans 
le  systeme  d'information  h  rdfdrence  spatiie  Pamap. 
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Figure  1:  Carte  de  I'inventaire  du  site  4 1'dtude  avec  les 
azimuts  des  survols  adroportds. 


Pour  les  fins  de  cette  communication,  seules  les  donndes  de 
distance  oblique  prises  aux  angles  d'  illumination  correspondant 
aux  azimuts  de  169°  et  232°  ont  ^td  trait^es  (  voir  tableau  1). 
Elies  ont  toutes  6t6  prises  pendant  le  mois  de  juillet.  Le  mois  de 
juillet  —  ie  point  de  d^part  de  I'^tude  —  etit  le  point  culminant  de 
la  saison  v6^6tative  dans  la  region  4  I'itude.  De  plus  cette 
dpoque  constitue  une  pdriode  stratdgique  pour  I'acquisition  des 
donates  en  agriculture.  L'azimuth  232°d6nne  une  illumination 
perpendiculaire  4  la  direction  des  champs,  tandis  que  celui  de 
169°  donne  une  direction  d'  illumination  d'environ  45°  par 
rapport  aux  champs. 


Bande 

Direction 

d'illumination 

Polarisation 

C 

HHBRSIIH 

HH 

C 

HH 

X 

HH 

X 

■fli 

HH 

Tableau  I:  Liste  des  bandcs  du  ROS  et  azimuts  des 
survols  adroport6s 


4.  MliTHODOLOGE 


median  3X3  a  6t6  appliq.id  aux  4  bandes  du  ROS  (Thomson  et 
n/.,1987).  Finalement,  une  classification  utilisant  le  crit4re  de 
maximum  de  vraisemblance  a  6t6  effectude  sur  les  images.  Cinj 
classes  de  cultures  ont  6t6  retenues  pour  les  classifications,  soit 
le  foin,  le  maYs,  les  c6rdales  (orge  et  avoine),  la  pomme  de  terre 
ctle  pStutage. 

Tous  ces  r6sultats  de  classification  ont  6t6  transf6t6s  et  stock6s 
dans  le  S.I.R.S. 


5.  R^SULTATS 

Une  synthbse  des  r6sultats  de  classification  est  prdsentde  au 
tableau  2.  Pour  certaines  cultures,  I'effet  de  I'onentation  des 
champs  par  rapport  4  I'illumination  du  faisceau  du  radar  est 
important.  Ce  pn6nom4ne  est  particulibrement  present  pour  les 
champs  de  pommes  de  terre  qui  pr6sentent  une  structute  de  leurs 
sillions  bien  ddfinie.  La  direction  d'illumination  perpendicuittire 
4  la  direction  des  champs  (232°)  donne  les  meilieurs  rdsultats  de 
classification.  Cette  influence  directionnelle  semble  aussi 
importante  pour  la  bande  X  que  la  bande  C,  quoique  pour  cette 
demi4re,  elle  soit  plus  notable. 


1  Pommes  de  terre 

Bande 

%  classifid 

X-232 

69.05 

C-232 

43.91 

C-169 

23.21 

X-169 

12.19 

Classification  | 

Bande 

%  classifid 

X-232 

41.66 

C-232 

36.93 

C-169 

35.60 

X-169 

26.57 

Mais 

Bande 

%  classifid 

C-232 

57.61 

C-169 

42.41 

X-169 

23.04 

X.232 

21.97 

Cdrdale 

Bande 

%  classifid 

C-169 

34.47 

X.169 

26.54 

X.232 

24.84 

C-232 

1 _ 

18.80 

1  Foin 

Bande 

%  classifid 

X-232 

71.00 

C-169 

39.03 

C-232 

35.66 

X469 

33.35 

1  Pdturage 

Bande 

%  classifid 

C-232 

62.04 

X.169 

39.14 

C-169 

36.59 

X-232 

15.26 

Tableau  2.  Synth4se  des  r£sultats  de  classification  par  maximun  de 
vraisemblance  pour  cinq  classes  et  les  quatre  bandes  du  ROS. 


La  carte  cadastrale  de  la  municipalitd  (dcheile  1:20  000), 
emmagasinde  dans  le  systfeme  d'lnformation  4  r6Krence  spatiale, 
a  servi  de  cane  de  base  pour  la  localisation  de  la  zone  4 1'dtude 
ainsi  que  de  la  cane  de  la  v6rit6  de  terrain.  Cette  carte  de  base  a 
transfdr^e  du  syst4me  Pamap  au  syst4me  de  traitement 
num6rique  d'image  Perceptron  (PCI)  oh  elle  a  servi  comme  carte 
de  r6fdrence  pour  la  correction  gdom6trique  des  donndes  ROS. 
La  rdsciuticn  spattalc  pour  les  deux  syst&mes  requis  par  cette 
dtude  dtait  de  6  m4tres. 

Suite  aux  corrections  gdomdtriques,  une  sous-rdgion  de  512 
lignes  par  512  pixels  a  6t6  sdlectionn^e.  Le  choix  de  cette 
sous-r^gion  a  6td  ddtermind  par  le  croisement  des  trois  lignes  de 
vol.  Afin  d'dhminer  le  bruit  prdsent  dans  les  images,  un  filtre 


Cette  hypothdse  est  supportde  par  les  valeurs  moyennes  des 
signatures  provenant  des  sites  d'entrafnement.  La  figure  2 
montre  que  les  hautes  valeurs  pour  la  bande  C-232°  sont 
assocides  aux  cultures  de  mats,  de  cdrdales  et  de  pommes  de 
terre.  Quant  4  la  bande  X,  la  situation  est  moins  dvidente.  Dans 
le  cas  de  la  bande  X-232°,  la  valeur  assoclde  aux  cdrdales  est 
plus  dievde  que  la  valeut  iliuyeiiiie  ubleiiue  uvec  lu  butldc 
X-169°  pour  une  mdme  culture.  Par  centre,  cette  meme  bande 
donne  des  valeurs  plus  basses  pour  le  mais  et  la  pomme  de  terre. 


La  prdcision  globale  des  classifications  des  cinq  cultures  et  ce, 
pour  les  quatre  bandes  du  ROS,  est  semblable  4  celle  rapponde 
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par  Vallde  et  a/.,  (1989)  pour  la  mSme  region  en  1987.  Malgr^ 
des  rdsultats  de  classification  globate  peu  dlevds  (environ  40% 
dans  le  meilleur  cas),  il  est  intdressant  de  noter  que  certaines 
cultures  donnent  un  rdsultat  de  classification  individuelle 
intdressant.  Par  exemple,  le  foin,  le  pSturage  et  les  pommes  de 
terre  donnent  des  valeurs  de  classification  de  plus  de  60%. 


Figure  2.  Valeurs  moyennes  des  signatures  des  sites  d'entrainement 
obtenues  pour  chaque  culture  ainsi  que  pour  chacune  des  quatre 
bandes  du  ROS. 

Des  combinaisons  de  deux  frdquences/un  angle  et  d'une 
frdquence/deux  angles,  seule  la  combinaison  des  bandes  C  et  X 
b  232“  montre  une  augmentation  significative  du  pourcentage 
classifid  des  cinq  cultures  ( voir  tableau  3 ). 
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Classification 

Bande 

%  class. 

CX-232 

C-169/232 

CX.169 

X- 169/232 

56.47 

36.37 

35.44 

35.17 

Tableau  3.  Synthdse  des  rdsultats  de  classification  par 
maximun  de  vraisemblance  pour  cinq  cultures  (combinai¬ 
sons  des  quatre  bandes  du  ROS). 


6.  CONCLUSIONS 

Bien  que  les  rdsultats  de  cette  communication  soient 
prdliminaires,  il  est  possible  de  titer  certaines  conclusions: 

1 .  Dans  le  contexte  de  la  rdsolution  spatiale  examinde  (6  m.), 
I'orientation  des  champs  par  rapport  b  la  direction 
d'illumination  du  radar  influence  les  rdsultats  des 
classifications  agricoles. 

2.  Les  rdsultats  des  classifications  obtenus  au  moyen  de  la 
bande  X  sont  Idgdrement  plus  dlevds  que  ceux  obtenus 
avec  ia  bande  C. 

3.  Une  combinaison  des  bandes  X  et  C,  avec  une  illumination 
du  ROS  perpendiculaire  b  la  direction  des  champs,  donne 
un  rdsultat  de  classification  au  moins  10%  plus  elevd  que 
le  meilleur  pourcentage  classifid  obtenu  par  des  bandes 
individuelles. 
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L 'ut i 1 i sat  ion  des  donnSes  satel 1 i tai res  pour  am^liorer  la 

precision  des  inventaires  agricoles  a  ^t^  tent^e  avec  succ^s  par 
diff&rents  services  statistiques  dont  les  offices  am^r icains , 
canadiens,  frangais  et  italiens.  Chaque  fois,  la  fusion  des 
donnSes  d'enquete  de  terrain  et  des  informations  sate! 1 i taires  a 
r^alisde  par  la  m^thode  de  regression,  classique  dans  le 
cadre  de  1 ‘ Ochant i 1 lonnage  en  population  finie. 

Recemment,  deux  methodes  (Priesley  et  Smith  1987,  Hay  1988)  ont 
ete  presentees  proposant  de  corriger  1 ‘estimation  resultant  de  la 
classification  numerique  des  images  satel 1 i taires  en  utilisant 
1 ‘ i nf orma t i on  contenues  dans  les  matrices  de  confusion 
(classement  x  donnees  terrain).  Dans  les  deux  cas,  les  matrices 
de  probabilites  condi tionnel les  permettent  de  corriger 
1 'estimation  en  tenant  compte  des  erreurs  dites  de  commission  ou 
d ' omission. 

Le  but  de  cet  article  est  de  redtfinir  les  deux  estimateurs  dans 
un  meme  systems  de  notation,  de  specifier  leurs  domaines  de 
validity  selon  le  plan  d ' ^chant i 1 lonnage ,  et  de  presenter  les 
formules  de  calcul  des  variances  asyroptotiques. 
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Abstract: 

Good  relationships  were  obtained  between  pixel 
brightness  values  from  digitized  colour-lR  images, 
forage  biomass  and  corn  quality  in  six  agricultural 
fields.  In  the  corn  fields  significant  correlations 
were  obtained  between  crude  protein  content,  foliar 
phosphorus  end  pixel  brightness  values,  but  the 
strength  of  these  relationships  varied  from  field 
to  field.  This  suggests  that  inherent  soil  and 
site  conditions  influence  such  analysis.  By  incor¬ 
porating  the  remote  sensing,  soil  and  site  data 
into  a  GIS  system  we  have  improved  the  assessment 
and  obtained  crop  quality  maps  which  combine  crude 
protein  and  foliar  phosphorus  evaluations  with  site 
conditions.  Economic  data  can  now  be  incorporated 
into  this  data  set  and  the  cost  of  production  and 
the  causes  of  crop  performance  variations  can  be 
examined  interactively. 

Key  words:  image  analysis,  GIS,  crop  production, 
crop  quality. 

Background: 

Crop  quality  and  quantity  are  critical  para¬ 
meters  in  most  agricultural  research,  yet  conven¬ 
tional  field  determinations  of  crop  performance 
are  tedious,  time  consuming  and  difficult  to  make 
on  a  real  time  basis.  Many  authors  have  reported 
significant  relationships  between  biomass  production 
and  near  infrared  reflection,  but  such  reflection 
appears  to  be  site  and  crop  specific  (Plummer  1988). 
Variables  such  as  vegetation  structure,  soil  back¬ 
ground,  moisture  content,  topographic  conditions, 
livc/dead  biomass,  shadow,  and  litter  influence 
such  relationships.  To  partition  the  influence 
of  these  variables  on  the  overall  reflection  is 
not  a  simple  task  (Huete  and  Jackson  1987;  Wilson 
and  Tueller  1987).  Some  success  has  been  reported 
in  determining  foliar  nitrogen  (Hinzman  et  al.  1986; 
Plummer  1988)  and  foliar  phosphorus  (Vickery  et 
al.  1980)  from  remote  sensing  data.  However,  the 
above  mentioned  problems  remain  a  significant  draw¬ 
back. 

In  order  to  improve  such  a  methodology  we  ex- 
uiTiined  the  variability  of  dtjr  biomass  and  crop 
quality  in  four  corn  and  two  forage  fields  in  Natsqui 
British  Columbia.  Multi-date  digitized  colour  IR 
imagery  was  then  combined  with  ocher  soil  and  site 
variables  using  micro-computer  based  GIS  techniques. 

Methods : 

Between  20  and  100  neutron  tubes  were  placed 
in  each  field  and  Che  soil  moisture  was  monitored 


over  the  entire  growing  season  to  a  depth  of  100 
cm.  The  soils  were  sampled  at  each  uf  the  monitored 
sites  and  the  samples  were  analyzed  for  soil  nutr¬ 
ient  content,  bulk  density,  and  available  water 
storage  capacity.  A  detailed  topographic  survey 
was  carried  out  in  each  field  using  a  surface  grid 
density  of  5m  and  a  height  accuracy  of  5  cm.  The 
forage  crop  was  harvested  five  times  over  the  grow¬ 
ing  season  and  the  corn  crop  at  the  end  of  the 
season.  Dry  biomass  and  foliar  nutrient  content 
was  determined  in  all  samples.  23  x  23  cm  format 
colour-infrared  images  were  obtained  before  each 
harvest  using  an  RC-10  Photogrammetric  camera  and 
the  Images  were  scanned  at  50  urn  resolution  using 
an  Optronics  scanner.  The  images  were  displayed 
on  a  PC-based  image  analyzer  and  the  individual 
markers  at  each  test  site  could  readily  be  iden¬ 
tified.  The  ground  resolution  of  each  pixel  re¬ 
presented  0.2  X  0.2  meters.  The  pixel  brightness 
values  for  the  three  dye  layers  were  extracted 
and  used  for  statistical  analysis  with  the  field 
and  laboratory  data  set.  The  data  was  Incorporated 
into  a  Geographic  Information  System  (GIS).  Bio¬ 
mass  and  crop  quality  data  was  combined  with  soil 
data  to  arrive  at  crop  quality  and  soil  quality 
combination  maps. 

Results; 

The  fields  are  located  in  the  most  productive 
alluvial  floodplain  in  B.C.  and  have  a  ridge  and 
depression  topography  which  ranges  between  1-4 
meters.  The  ridges  are  slightly  sandier  than  the 
depression  and  in  the  latter  part  of  the  season 
some  moisture  stress  was  apparent.  Good  relation¬ 
ships  were  obtained  between  crop  biomass  and  se¬ 
lective  foliar  nutrients  in  both  of  the  two  forage 
fields.  The  most  significant  correlations  present¬ 
ed  in  figure  1  indicate  that  water  balance  has 
an  influence  on  both  biomass  production  and  forage 
quality  (foliar  phosphorus,  and  foliar  nitrog¬ 
en). 

Pixel  brightness  values  were  related  to  dry 
biomass  and  foliar  nutrients  In  the  latter  part 
of  the  season.  Total  dry  biomass,  could  be  pre¬ 
dicted  from  the  remote  sensing  data  using  the  fol¬ 
lowing  multiple  regression  equation: 

DM  »  -8.3  +  0.1  G  -  0.2  R  +  0.07  IR 
R^  -  0.68,  SE  -  0.45 
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where  G  =  Pixel  brightness  value  of  green  sensitive 
dye  layer, 

R  =  Pixel  brightness  value  of  red  sensitive 
dy  layer, 

IR  =  Pixel  brightness  value  of  IR  sensitive 
dye  layer. 


Fiaure  1.  Correlogram  for  forage  yield  (dry  matter) 
cut  4,  1987. 


The  pixel  brightness  data  of  the  entire  image  was 
then  reduced  to  a  2  x  2  ir.  pixel  resolution  using 
an  affine  program  and  the  resulting  data  set  was 
used  to  predict  the  dry  matter  production  of  the 
entire  field.  The  results  were  then  displayed  with 
the  GIS  technique  providing  a  forage  crop  yield 
map  for  the  field  (Figure  2). 


Figure  2.  Forage  yield  cut  3,  1987,  predicted  from 
pixel  brightness. 

The  same  techniques  were  used  to  assess  the 
corn  production  in  the  four  other  test  fields. 
A  number  of  significant  relationships  were  obtained 
between  soil  and  crop  variables  and  as  shown  in 

Figure  3,  the  IR  pixel  brightness  values  were  sig¬ 

nificantly  related  to  elevation,  available  water 
storage  capacity,  crude  protein,  and  foliar  phos¬ 

phorus  content  in  the  corn.  Relationships  between 
corn  biomass  and  remote  sensing  data  was  not  con¬ 
sistent.  In  one  field  there  was  a  weak  relationship 
between  pixel  i;i  igliLiicSS  values  and  cob  weig*'t, 

while  stalk  weight  was  significantly  related  to 
pixel  brightness  values  in  a  second  field.  No  re¬ 
mote  sensing  versus  biomass  relationships  wore  found 
in  the  other  fields.  However,  the  relationships 
between  foliar  phosphorus  and  pixel  values  and 
between  crude  protein  content  and  pixel  values  were 
more  consistent.  The  later  relationship  was  sig¬ 
nificant  in  all  four  fields  while  the  former  was 
significant  in  three  out  of  four  fields. 


Figure  3.  Significant  correlations  between  soil, 
site  and  corn  crop  variables. 

The  strength  of  these  correlations  varied 
between  fields  and  so  did  the  predictive  accurac¬ 
ies.  Multiple  regressions  explained  between  37 
-  60%  of  the  total  variance  in  foliar  phosphorus, 
and  between  24  -  59%  of  crude  protein  content. 
A  further  improvement  of  5  -  10%  in  R2  values  was 
obtained  when  selective  soil  variables  were  includ¬ 
ed  in  the  multiple  regression  equations.  Remote 
sensing  data  alone  is  not  entirely  satisfactory 
in  predicting  corn  quality  conditions.  Since  corn 
quality  appears  to  be  related  to  both  remote  sensing 
and  elevation,  the  incorporation  of  the  remote 
sensing  and  elevation  data  with  the  GIS  technique 
IS  desirable. 

As  a  first  step  in  using  the  GIS  technique, 
a  crop  quality  map  was  produced  for  one  of  the 
corn  fields  where  the  relationships  between  the 
remote  sensing  data  and  the  crop  quality  variables 
were  highest.  First  a  crude  protein  map  was  pro¬ 
duced  by  converting  the  pixel  values  into  crude 
protein  content  values  using  the  best  regression 
equation.  This  resulted  in  a  protein  variabil¬ 
ity  map  for  the  field  and  with  the  GIS  technique 
the  field  was  then  divided  into  three  categories. 
Class  one  represented  corn  with  crude  protein  con¬ 
tent  below  minimum  lequirements  for  animal  feed. 
Class  two  reflected  values  above  minimum  feed  re¬ 
quirements  but  below  one  standard  dev  ation  above 
the  mean.  Finally  class  three  reflected  corn  with 
high  crude  protein  content  with  values  greater 
than  one  standard  deviation  above  the  mean.  A 
similar  map  was  produced  for  foliar  phosphorus. 
The  resulting  classifications  were  then  combined 
with  the  GIS  technique  to  produce  a  protein/phos¬ 
phorus  combination  map.  The  3x3  matrix  could 
successfully  be  reduced  to  4  instead  of  the  theo¬ 
retically  9  classes,  as  some  combinations  did  not 
exist. 

The  four  crop  quality  classes  were  found  to 
be  significantly  different  from  one  another  using 
a  Mann  Whitney  significance  test.  The  intended 
use  of  this  classification  is  two  fold:  1.  Se¬ 
lective  crop  harvesting  according  to  crop  quality 
for  computerized  feeding  in  dairy  farms,  and  2. 
roi  evaluating  possible  causes  ''f  cron  quality 
differences  in  the  field.  This  latter  task  can 
be  accomplished  by  displaying  soil  and  site  con¬ 
ditions  with  the  GIS  technii,  le  in  relation  to  the 
crop  quality. 

The  inherent  soil  conditions  appear  to  have 
a  direct  influence  on  the  crop  quality.  The  pixel 
values  from  the  bare  field  (obtained  at  the  be¬ 
ginning  of  the  growing  season  prior  to  planting 
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of  the  corn)  were  related  to  the  corn  yield  and 
quality  data  obtained  at  the  end  of  Che  season. 
In  two  of  the  four  fields  these  relationships  were 
significant  and  this  suggests  that  differences  in 
the  soil  pattern  has  an  impact  on  the  crop  perfor¬ 
mance.  In  both  fields,  the  correlations  between 
pixel  values  and  crop  quality  were  between  10  and 
20Z  higher  than  between  the  soil  pixel  values  and 
the  crop  quality. 

The  Gl?  may  then  be  used  to  determine  if  the 
differences  in  crop  quality  is  large  enough  to  merit 
selective  field  management  and  harvesting.  This 
can  be  done  by  assigning  a  cost  of  production  value 
to  the  various  yields  obtained  in  the  different 
parts  of  the  field.  An  example  of  such  a  crop  pro¬ 
duction  cost  map  IS  provided  in  Figure  4  and  reflects 
the  results  of  production  costs  in  one  of  the  forage 
fields  (Smith  1988). 


We  envision  that  such  micro-computer  based  analysis 
will  assist  field  managers  in  considering  selective 
field  management  and  harvesting  and  this  will  bring 
automated  dairy  farm  management  a  step  closer. 
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Figure  4.  Cost  surface  of  dryland  forage  production 
for  cut  1,  1987. 

Conclusions: 

The  results  from  this  study  indicate  that  good 
relationships  were  obtained  between  pixel  bright¬ 
ness  values  from  digitized  colour  IR  aerial  photo¬ 
graphs  and  crop  variables.  In  forage  fields  with 
high  soil  variability,  biomass  and  digestible  en¬ 
ergy  were  significantly  related  to  pixel  brightne.ss 
values.  In  corn  fields,  pixel  brightness/biomass 
relationships  were  poor  and  inconsistent.  However, 
crude  protein  and  foliar  phosphorus  was  highly  and 
consistently  correlated  with  pixel  brightness  values. 
The  strength  of  these  relationships  varied  between 
the  four  fields  suggesting  that  each  field  has  unique 
conditions  that  influence  crop  quality. 

These  assessments  can  be  improved  if  the  remote 
sensing  data  is  incoi  porated  into  a  GIS  system, 
where  the  remote  sensing  data  set  can  be  combined 
with  soil  and  site  variables.  Crude  protein  and 
foliar  phosphorus  variability  were  predicted  from 
the  remote  sensing  data  set  and  classifying  and 
combining  the  results  with  GIS  techniques  resulted 
in  the  production  of  a  four  class  crop  quality  map 
for  the  field.  The  GIS  technique  can  now  be  used 
to  examine  possible  causes  for  rho  within  field 
crop  quality  variation  by  displaying  the  soil  and 
site  conditions  for  each  class  and  determining  wheth¬ 
er  the  differences  are  significant. 

The  cost  of  production  in  relation  to  yield 
and  quality  can  then  be  displayed  spatially  and 
can  be  used  to  determine  if  the  crop  performance 
differences  are  large  enough  to  merit  selective 
field  management  and  harvesting. 
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ABSTRACT 


Several  SAR  data  sets  acauired  bv  the  Canada  Centre 
for  Remote  Sensinq  between  1984  and  1988  were  used  to 
evaluate  the  effects  of  free  canopv  water  on  crop 
separabllitv.  The  test  sites  imaqed  were  located  in 
Saskatchewan,  Canada  with  canola,  sorinq  wheat, 
barley,  fallow,  and  pea  crop  types  present.  A 
separability  analysis  ot  these  data  using  divercence 
statistics  indicated  that  wheat  separability  mav  be 
increased  when  the  crop  canopies  contain  free  water. 
This  phenomenon  mav  also  be  enhanced  using  VV 
polarization.  These  results  are  verv  preliminary  but 
have  Imoortant  implications  if  a  consistent 
relationship  can  oe  established. 


Keywords;  SAR.  Crop  Identification.  Canopv  Water 


1.  INTRODUCTION 

The  timeliness  of  data  availability  for  crop 
information  systems  is  of  utmost  importance  to  yield 
estimation.  For  remote  sensing  techniques  to  provide 
a  valuable  input  the  throughput  time  for  data 
acquisition  and  analysis  needs  to  oe  less  than  that 
using  conventional  survey  approaches.  Synthetic 
aperture  radar  (SARI  systems  provide  all  weather,  dav 
or  night  operation  and  thus  can  help  fulfill  this 
requirement. 

Numerous  investigations  have  demonstrated  the 
potential  of  SAR  data  for  crop  identification,  with  a 
recent  summary  available  In  Ulaby  et  al.,  (1986). 
However,  most  SAR  data  analysed  for  this  purpose  has 
been  acquired  under  dry  canopv  conditions.  Ground- 
based  microwave  measurements  show  an  increased  radar 
backscattenng  coefficient  for  wet  canopv  conditions 
(Allen  and  Ulabv.  1984;  Sofko  et  al..  1989).  These 
measurements  have  been  made  for  a  limited  number  of 
crop  types  and  conditions  bCwduse  of  the  logistical 
difficulties  associated  with  this  tvpe  of  data 
acquisition.  Due  to  the  above  mentioned  "all  weather’ 


capabilities  of  SAR  systems  more  "wet'  data  sets  will 
become  available  as  the  planned  SAR  satellites  are 
launched  in  the  90 ’s. 

The  Canada  Centre  for  Remote  Sensing  (CCRS)  has 
obtained  several  SAR  data  sets  of  agricultural  test 
s'tes  In  Saskatchewan,  Canada  which  were  acquired  when 
the  crop  canopies  contained  free  water.  These  data 
were  uncalibrated  and  from  different  sensors  and 
subsequently  were  not  suited  to  detailed  quantitative 
analysis.  However,  their  uniqueness  warranted 
investigation  and  an  analysis  Plan  using  divergence 
statistics  as  a  measure  of  crop  separability  was 
developed.  This  paper  presents  the  results  of  this 
Investigation. 

On.  August  6.  1986  the  Intera  Technologies  Ltd., 
STAR-1  system  acquired  X-HH  SAR  data  over  several 
test  sites  In  Saskatchewan,  Canada  (Figure  1).  At  two 
of  the  sites,  Outlook  and  Helfort,  It  was  raining  (or 
had  jusc  rained)  at  the  time  of  data  collection. 
Consequently,  the  crop  canopies  were  wet  at  the  time 
of  imaging.  For  comparative  purposes  X-HH  data 
acquired  over  the  same  two  test  sites  on  August  5, 
1984,  bv  the  CCRS  convair  SAR-580  system  were  used. 
The  crop  canopies  were  completely  dry  when  this  data 
was  acquired.  On  June  21,  1988  the  CCRS  X/C  SAR 
acquired  C-HH  and  C-VV  data  over  the  Helfort  test  site 
Just  after  an  extensive  rain.  As  a  result  the  crop 
canopies  once  again  contained  free  water  at  the  time 
of  Imaging. 

A  brief  description  of  these  three  SAR  systems  can 
be  found  in  Table  1.  All  of  the  SAR  data  used  In  this 
analysis  are  uncalibrated  and  caution  must  be  used 
when  comparing  results  from  the  different  systems.  To 
avoid  system  effects  In  the  datz  Interpretation  a 
similar  ore-processing  regime  was  applied  to  each  data 
set.  This  resulted  In  an  amplitude  domain  output 
product  with  a  12.6  meter  by  12.5  meter  pixel, 
representing  an  average  of  approximately  60  looks  per 
pixel  for  each  SAR  data  set. 
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The  OutlooK  and  Helfott  sites  are  freauentlv  used 
by  OCRS  for  agronomic  remote  sensing  research  oroiects 
and  consequently  detailed  information  on  croc  type  and 
condition  is  available  for  each  date  of  SAR 
acquistion.  The  ground-truth  program  conducted  in 
support  of  these  projects  is  described  in  detail  bv 
King  and  Mack  11984).  For  the  1984/1986  comparison 
plant  height,  growth  stage,  crop  variety,  and  plant 
density  were  used  to  identify  similar  fields  of  soring 
wheat,  bailey,  canola,  peas,  and  sumraerfallow.  The 
Melfort  test  site  also  had  enough  fields  of  flax  in 
1984  and  1986  to  include  it  as  another  crop  tvoe. 
Divergence  was  then  calculated  on  a  class  basis  iby 
using  a  theme  mask)  a.id  the  results  compared  to 
evaluate  crop  sepaiabilitv  on  the  wet'  veisus  drv 
SAR  data.  The  use  of  the  divergence  statistic  also 
facilitates  Inter-SAR  comparison  as  the  mean  to 
standaid  deviation  ratio  and  not  the  absolute  values 
are  the  inputs  for  deteiminiiig  separability. 

For  the  June  21.  1988  Melfort  oata  only  orowth 
stage  was  used  to  select  similar  fields  of  the  same 
crop  types  as  above.  This  was  done  in  the  western 
portion  of  the  test  site  because  an  east/west  split  in 
crop  condition  (due  to  seasonal  rainfall)  was  apparent 
from  ground  data  and  farmer  interviews.  Once  again 
diveigence  was  calculated  on  a  class  basis  and  the 
separability  of  HH  polarization  compared  to  VV 
polarization.  The  number  of  fields  and  pixels  in  each 
class  for  each  SAR  data  set  are  given  in  Table  2.  All 
image  analysis  and  pre-processing  of  these  data  were 
done  using  an  ARIES  image  analysis  system  and  the  OCRS 
Landsat  Digital  Image  Analysis  System  (tOIAS). 

3,  RESULTS  AND  DISCUSSION 

Due  to  the  page  length  restrictions  in  these 
proceedings  the  Images  will  not  be  presented  in  the 
paper  but  will  be  available  foi  inspection  during  the 
poster  presentation.  For  the  1984  drv"  and  "wet'  SAR 
data  of  Melfort  the  divergence  statistics  calculated 
are  presented  in  Table  3.  One  can  see  that  for  the 
"dry"  data  (1984)  canola  is  the  most  separable  class. 
This  agiees  with  previous  studies  which  concluded  that 
the  broad- leafed  canola  plant  exhibits  high 
backscatter  values  eaily  in  the  arowlng  season  and 
thus  is  quite  sepaiable  from  the  othei  ciops  grown  in 
the  Canadian  prairies  (Brisco  et  al.,  1989.  Brown  et 
al..  1984).  For  the  'wet'  data  (1986)  note  that  the 
wheat  class  becomes  readily  separable  fiom  both  canola 
and  flax  and  that  overall  the  seoarablitv  of  the  gram 
classes  increases  while  that  of  the  other  classes 
decreases. 

Divergence  statistics  calculated  from  the  dry 
and  wet'  SAR  data  for  the  Outlook  site  are  presented 
111  Table  4.  For  the  "dry"  data  from  Outlook  the 
summerfallow  category  is  readily  separable.  Bv  August 
summerfallow  fields  have  become  quite  smooth  and  drv 
and  thus  have  low  backscattci ing  coefficients  and  are 
'•eadlly  discriminated.  This  result  has  also  been 
previously  reported  (Brisco  et  al..  1988.  Brown  et 
al..  1934.  Cihlar  et  al.  1984).  However,  the  wet' 
data  (1986)  divergence  statistics  indicate  it  is  the 
wheat  category  whicn  is  readily  separable.  For  the 
studies  cited  above  the  wheat  class  was  generally  the 
most  poorly  identified  because  of  its  overlapping 
tonal  signatuie  with  most  othei  crop  types,  especially 
barley. 

For  both  the  Outlook  and  the  Melfort  sites  the 
wheat  class  separability  Increased  under  wet  canopy 
conditions.  The  authors  attribute  this  effect  to  the 


lack  of  plant  parts  in  a  wheat  canopy  which  collect 
and  hold  water,  when  compared  to  the  other  crops 
investigated.  Even  the  barley  plant,  which  Is  very 
similar  in  structure  to  the  wheat  plant,  has  a  larger 
auncle  at  the  stem-leaf  )unction  which  can  serve  as 
a  water  trap  (Figure  2).  This  may  account  for  the 
increase  in  wheat-barlev  separability  in  the  Outlook 
wet'  SAR  data  although  the  wheat-barlev  separability 
decreased  for  the  Melfort  "wet"  data.  The  wheat 
canopy  holds  less  water  and  dries  out  faster  after  a 
lainfall  than  other  crop  canopies.  Thus  wheat  fields 
become  the  darkest  agricultural  areas  on  "wet"  SAR 
data.  This  may  allow  the  structural  differences  in 
the  crops,  particularly  between  wheat  and  barley,  to 
be  enhanced  in  the  microwave  regime  by  acquiring  "wet" 
data. 

The  divergence  statistics  for  the  "wet"  Melfort  C-HH 
and  C-VV  data  from  June  21.  1988  can  be  found  in  Table 
5.  Note  that  this  is  C-band  data  and  no  comparable 
'dry"  data  set  is  used  for  comparison.  These  data 
were  included  In  the  analysis  because  they  represented 
another  "wet"  data  set  and  because  anomally  assessment 
with  quick-look  data  in  the  field  Indicated 
differences  between  the  VV  and  HH  data.  The 
horizontally  polarized  data  exhibits  generally  weak 
class  separability,  while  the  vertically  polarized 
data  shows  an  increased  separability  for  wheat  (from 
canola  and  peas)  and  barley  (from  peas).  The  other 
classes  have  similar  or  lowei  separability  for  the  two 
polarizations. 

Several  authors  have  discussed  the  vertical 
orientation  of  grain  canopies  with  respect  to  HH  and 
VV  attenuation  (Allen  and  Ulaby,  1984;  Ulabv  and 
Wilson,  1985:  L-  Toan  et  al.,  1984).  In  general, 
attenuation  .s  found  to  be  more  significant  for  VV 
polarization  than  HH  polarization.  Conseouentlv.  the 
HH  polarization  has  greater  penetration  and  the 
effects  of  free  water  in  the  canopy  are  not  as 
pronounced  for  this  polarization. 

For  all  wet  data  sets  the  images  appeared  to  have 
less  contrast  lie  class  means  were  closer  together) 
than  for  "dry"  images.  This  would  tend  to  reduce  the 
overall  classification  accuracy  due  to  Increased 
confusion  between  the  various  crop  classes.  However, 
if  the  wheat  crop  classification  is  improved  under 
"wet'  conditions  such  SAR  data  would  be  a  useful 
audition  to  crop  discrimination  techniques. 


4.  CONCLUDING  REMARKS 

Several  SAR  data  sets  that  were  acquired  when  free 
water  was  present  in  the  crop  canopy  were  examined  to 
determine  the  utility  of  these  data  for  crop 
separability  pui poses.  An  examination  of  divergence 
statistics  for  soring  wheat,  barley,  pea.  canola,  and 
summerfallow  cioo  types  indicated  that  wet  data  mav 
enhance  separability  within  the  grain  crops.  This 
result  1C  related  to  the  canopy  structure  and  may 
offer  an  important  mechanism  for  improving  crop 
classification  with  radar  data. 

While  these  results  are  preliminary  their 
significance  is  considerable  if  the  response  described 
above  is  consistent.  Future  experiments  with  both  the 
OCRS  SAR  and  ground-based  scatterometers  are  planned 
to  further  investigate  this  phenomenon.  These 
experiments  will  acquire  calibrated  data  from 
comparable  wet  and  drv  canopy  conditions  to  overcome 
some  of  the  limitations  of  the  data  used  in  this 
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analysis.  If  these  results  are  repeatable  the 
technique  could  be  used  to  improve  qrain  crop 
classification  accuracy  bv  us'.nq  SAR  data  acquired 
when  the  canopies  are  wet.  These  "windows"  of 
opportunity  could  be  Identified  by  usinq  existing 
meteorological  observation  technologv. 
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4.2 

6 

Range  Resolution  (m) 

3 

6 

6 
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Table  3.  Divergence  statistics  calculated  from  August  1984/1986  X-HH  SAR  data  of  Helfort.  Saskatchewan. 


1984  "Dry" 


- 1 

Canola 

'  ■  "1 

Peas 

— 

Flax 

— 

Summerfal low 

Wheat 

0.00 

- 

- 

- 

Bariev 

0.27 

o.co 

- 

- 

- 

- 

Canola 

0.38 

1.27 

0.00 

- 

- 

- 

Peas 

0.03 

0.00 

- 

- 

Flax 

0.43 

0.27 

1.10 

0.27 

0.00 

- 

Summerfal low 

0.13 

0.02 

0.94 

0.17 

0.27 

0.00 

1986  “Wef 


Wheat 

Bariev 

Canola 

Summerfal low 

Wheat 

0.00 

- 

. 

- 

. 

Bariev 

0.03 

0.00 

- 

- 

- 

- 

Canola 

0.72 

0.50 

0.00 

- 

- 

- 

Peas 

0.47 

0  32 

0.03 

0.00 

- 

- 

Flax 

0.86 

C.61 

0.01 

0.07 

0.00 

- 

Suiranerfal  low 

0.49 

0.32 

0.02 

0.00 

0.05 

0.00 

Table  4.  Divergence  statistics  calculated  from  August  1984/1986  X-HH  SAR  data  of  Outlook.  Saskatchewan. 


1984  ’'Ory" 


Wheat 

Barley 

Canola 

Flax 

Summerfal low 

Wheat 

0.00 

- 

- 

Barley 

0.04 

0.00 

- 

Canola 

0.34 

0.41 

0.00 

- 

- 

Flax 

0.45 

0.61 

0.04 

0.00 

- 

Summerfal low 

1.18 

1.30 

2.94 

3.17 

0.00 

1986 

' 

"Wet 

Wheat 

Bariev 

Canola 

Flax 

Summerfal low 

Wheat 

0.00 

■■III 

- 

- 

Barley 

1.09 

- 

- 

- 

Canola 

2.37 

- 

- 

Flax 

2.92 

■!iv!fl 

0.00 

- 

Summerfal low 

2.92 

0.48 

0.02 

0.00 

0.00 
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Table  .a.  Oiveraence  statistics  calculated  from  June.  1986  wet  C  ilrt/VV  SAR  data  of  Melfort.  Saskatchewan. 


HH 


‘  ■  1 

Wheat 

Bariev 

- . — 1 

Canola 

Peas 

IFa) tow 
j 

Wheat 

0.00 

- 

- 

- 

1 

1  - 

Bariev 

0.05 

0.00 

- 

- 

Canola 

0.41 

0.19 

0.00 

- 

i 

Peas 

0.57 

0.28 

0.05 

0.00 

i 

Fallow 

0.19 

0.19 

0.29 

0.58 

i  0.00 

VV 


- ! 

Wheat 

- 1 

Bariev 

Canola 

Peas 

jFal low 

Wheat 

0.00 

- 

- 

i  - 

Bariev 

0.17 

0.00 

- 

- 

1 

Canola 

1.21 

0.58 

0.00 

- 

i  - 

Peas 

1.62 

0.83 

0.03 

0.00 

i  - 

Fal low 

0.59 

0.26 

0.  12 

0.26 

1  0.00 

Figure  1.  The  location  of  Melfort  and  Outlook  Figure  2.  Portion  of  barley  plant  showing  the  location 

agricultural  test  sites  in  Saskatchewan,  of  the  auricle 
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Synthetic  aperture  radar  data  (SAR)  is  being  propor>ed  as  a 
spaceborne  tool  for  the  1990's  which  could  be  used  in  routine 
assessment  of  agricultural  conditions  and  crop  inventory.  The 
current  lack  of  SAR  satellites  precludes  direct  evaluation  of  the 
utility  for  such  application;  however,  airborne  SAR  data  for  an 
agricultural  site  is  analyzed  in  order  to  examine  the  potential 
for  crop  separation,  field  boundary  detection  and  the  requirement 
for  integration  with  visible  and  infrared  satellite  data. 

The  mixed  crop  test  site  in  Manitoba  is  analyzed  with  single 
C-band,  multiple-band  airborne  SAR  and  L^iNDSAT  data.  Extensive 
ground  truth  records  are  used  in  the  assessment  of  crop 
separation  and  field  boundary  delinlntion.  A  satellite 
simulation  of  C-SAR  is  also  produced  to  proposed  RAOARSAT 
specifications  in  order  to  more  folly  examine  the  potential  of 
these  data. 
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ABSTRACT 

Digital  airborne  SAR  Imagery  was  recorded  over  an 
agricultural  area  In  Southern  Ontario  on  five  dates 
during  the  summer  of  1988.  Mean  values  of  radar 
return  were  derived  from  the  five  data  sets  for  each 
of  the  major  field  crops  grown  In  the  area  (corn, 
soya  beans,  tobacco  and  winter  wheat) .  This  paper 
presents  graphs  of  the  values  obtained  from 
narrow-swath,  6-rn,<itre-resolutlon  data  In  both  C  and  X 
bands  and  both  HH  and  VV  polarizations.  The 
combination  of  band,  polarization  and  date  found  best 
for  Identifying  each  crop  Is  noted. 


KEY  WORDS;  synthetic  aperture  radar,  agriculture, 
crop  Inventory,  multi-band,  multi-date 


INTRODUCTION 

There  Is  currently  much  Interest  In  the  utility  of 
radar  Imagery  for  crop  classification  because  the 
data  could  be  acquired  at  any  time  found  to  be  best 
for  the  crop  classification,  regardless  of 
cloud-cover  conditions.  The  Investigation  reported 
In  this  paper  was  conducted  under  the 
Federal-Provincial  Radar  Data  Development  Program  of 
the  RADARSAT  Project  Office,  Canada  Centre  for  Remote 
Sensing  (CCRS) ,  as  part  of  a  national  exercise  In  the 
development  of  agricultural  applications  of  radar 
data  In  preparation  for  the  expected  launch  of 
RADARSAT  In  the  middle  1990s.  The  SAR  data 
evaluation  was  performed  at  the  Ontario  Centre  for 
Remote  Sensing.  Related  studies  are  also  underway  at 
the  University  of  Guelph,  the  University  of  Waterloo 
and  CCRS. 


STUDY  AREA 


The  study  area  is  located  In  the  southeast  section  of 
Oxford  county,  Ontario  (Figure  1).  The  area  was 


Approximately  seventy  percent  of  the  area  Is  covered 
with  corn,  soya  bean,  winter  wheat  and  hay/pasture 
crops  growing  on  loam  to  clay  loam  glacio-lacustrine 
soils.  The  remaining  thirty  percent  of  the  area  Is 
covered  with  tobacco  and  rye  crops  growing  on 
calcareous  loamy  to  sandy  soils  (Wioklund  and 
Richards,  1961). 


DATA 

Imagery  for  the  current  study  was  acquired  over  a 
150-sq.km.  (15,000-ha)  area  of  prime  agricultural 
land  in  the  southeast  section  of  Oxford  County.  SAR 
imagery  was  recorded  for  the  area  during  the  1988 
growing  season,  on  May  3)  June  2,  June  7,  July  18  and 
August  3.  Both  C  and  X  band  Imagery  were  acquired, 
with  HH  and  VV  polarization.  In  three  swath-width 
modes  —  nadir,  wide,  and  narrow.  Further 
processing  of  the  data  will  be  carried  out  to  provide 
cross-polarlzpd  data  sets. 

To  date,  only  the  narrow-mode  imagery  has  been 
analyzed.  D'is  imagery  has  a  swath  width  of  18  km 
and  a  range  and  azimuth  resolution  of  6  m.  The 
incidence  angle  range  of  the  portion  of  the  swath 
studied  is  between  60  and  62  degrees. 

Colour  infrared  aerial  photographs  at  a  scale  of 
1:.10,000  were  also  acquired  for  the  entire  study 
area.  A  detailed  ground  survey  of  approximately  20 
percent  of  the  area  was  conducted  within  two  days  of 
each  radar  mission.  A  general  crop  identification 
survey  of  the  remaining  80  percent  of  the  area  was 
conducted  near  the  end  of  the  growing  season.  The 
results  presented  In  this  paper  were  obtained  only 
from  the  area  surveyed  in  detail. 


METHOD 

Image  Data  Processing 

The  narrow-mode  radar  data,  which  had  a  resolution 
(i.e.,  a  field  of  view)  of  approximately  6  m  and  a 
pixel  spacing  of  3  to  4  n,  was  geometrically 
corrected,  u.slng  nearest-neighbor  resampling,  to  a 
3-metre-resolution  raster  Image  consisting  of  a 
mosaic  of  several  1:10,000  scale  Ontario  Base  Maps. 
Although  the  OBH  maps  had  an  original  resolution  of  1 
m,  a  3-m  resolution  was  chosen  for  the  raster  Image 
as  a  compromise  between  geometric  precision  and  file 
size.  The  geometrically-corrected  radar  Image  was 
then  resampled  to  a  resolution  of  6.25  metres  (the 
resolution  of  the  raw  data)  using  cubic  convolution. 

Hie  resulting  Imagery  was  spatially  filtered  using  a 
5-by-5-pixel  median  filter  to  reduce  image  speckle 
and  lower  the  standard  deviation  of  crop  signatures 
(Hutton  and  Brown,  1986). 
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Statistics  Generation 

On  inagery  from  each  of  the  five  dates,  training 
areas  for  corn,  soya  bean,  tobacco,  and  winter  wheat 
crops  were  created  over  fields  where  crop  conditions 
such  as  growth  stage  and  percent  ground  cover  were 
quite  uniforn.  (See  Table  1  for  a  sunnary  of  all 
crop  conditions  considered.)  The  mean  and  standard 
deviation  of  the  median-filtered,  narrow-node  Image 
data  were  generated  and  plotted  (Table  2  and  Figure 
2). 


RESULTS  ftND  DISCUSSION 
The  Effect  of  Crop  Cover  Type 

Winter  wheat  was  the  only  crop  which  could  be 
accurately  identified  as  a  class  separate  fron  other 
crop  classes.  The  mean  value  of  the  radar  return 
fron  winter  wheat  was  found  to  be  significantly 
greater  than  that  fron  corn,  soya  beans  and  tobacco 
for  at  least  one  of  the  radar  bands  on  four  of  the 
five  dates.  There  is  little  difference  between  the 
winter  wheat  signature  and  the  other  ..rop  signatures 
on  the  July  18  date,  when  all  of  the  crops  had 
matured  enough  to  cover  much  of  the  ground  on  which 
they  were  growing,  and  the  winter  wheat  had  not  yet 
been  harvested.  After  the  winter  wheat  was 
harvested,  its  mean  radar  return  was  much  lower  than 
that  of  the  other  crops. 

The  mean  values  of  corn,  soya  bean  and  tobacco  crops 
for  all  bands  are  different,  but  not  significantly  so 
because  of  the  wide  standard  deviation  of  the 
signatures.  The  wide  standard  deviation  of  crop 
signatures  is  characteristic  of  radar  data.  In 
addlf  ,  a  drought  in  the  study  area  in  1988  caused 
crop  growth  to  vary  by  soil  type  and  topography  more 
than  In  other  years,  thus  increasing  the  standard 
deviation  of  the  signatures. 

The  greatest  difference  in  mean  radar  return  values 
between  the  corn,  soya  bean  and  winter  wheat  crops 
was  found  on  C-band  UH  and  VV-polarized  data  recorded 
on  August  3>  the  latest  of  the  five  image  dates.  By 
this  time,  the  corn,  soya  beans  and  tobacco  were 
approaching  peak  growth,  and  the  winter  wheat  had 
been  harvested.  The  greatest  mean  value  for  corn 
among  all  the  data  sets  was  obtained  on  the  C-HH  data 
from  this  date,  while  the  greatest  mean  value  for 
soya  beans  occurred  on  the  C-VV  data.  The 
differences  in  structure  between  corn  and  soya  bean 
plants  may  account  for  the  differences  in  return 
between  the  HU  and  VV  polarized  radar. 

The  greatest  mean  value  for  tobacco  among  all  the 
data  sets  was  obtained  on  the  August  3  X-band 
VV-polarIzed  data,  but,  the  greatest  difference 
between  tobacco  and  the  other  crops  was  found  on  a 
combination  of  the  two  August  3  C-band  data  sets. 
The  difference  among  tobacco,  corn  and  winter  wheat 
was  greatest  on  the  HH-polarlzed  data,  while  the 
difference  between  tobacco  and  soya  beans  was 
greatest  on  the  VV-polarlzed  data.  There  was  little 
difference  between  the  C-band  HH  and  VV-polarized 
radar  signatures  of  tobacco. 

The  mean  value  for  winter  wheat  was  significantly 
lower  than  that  of  the  other  three  crops  on  both  the 
C-HH  and  C-VV  data,  because  the  winter  wheat  crop  had 
been  harvested  by  the  August  3  Image  date,  leaving 
only  dry  stubble  on  the  fields. 


It  is  expected  that,  for  any  crop,  the  standard 
deviation  of  field-by-field  mean  image  data  values 
will  be  much  less  than  the  standard  deviation  of 
image  data  within  fields.  If  that  is  so,  a 
classification  of  fields  by  their  mean  values  might 
be  used  to  classify  the  four  crops  in  the  study  area 
with  greater  accuracy  than  can  be  achieved  using  a 
standard  plxel-by-pixel  classification. 


The  Effect  of  Date 

The  main  effect  of  the  date  of  radar  image 
acquisition  lies  in  the  percentage  of  ground  surface 
covered  by  the  crops.  Ulaby  et  (1986)  found  that 
backscatter  values  increased  as  corn  and  winter  wheat 
crops  covered  a  greater  percentage  of  ground,  up  to 
the  point  when  the  crops  reached  maturation.  After 
that  time,  their  backscatter  values  decreased. 
Similar  results  were  found  in  this  study.  The 
backscatter  values  for  corn,  soya  bean  and  tobacco 
crops  increased  steadily  from  the  first  to  the  fifth 
image  recorded.  As  these  crops  had  not  yet  reached 
the  peak  in  their  growth  stages  by  the  fifth  image 
date,  no  decrease  in  backscatter  was  detected.  The 
backscatter  values  for  winter  wheat  fields  increased 
fron  the  first  to  the  fourth  image  date,  but 
decreased  for  the  fifth  image  date,  when  the  wheat 
crop  had  been  harvested. 

The  Effect  of  Radar  Wavelength 

The  greatest  effect  of  wavelength  was  found  in  winter 
wheat  signatures  on  the  June  7  inagery.  The  mean 
C-band  radar  return  values  were  significantly  greater 
than  the  mean  X-band  values.  The  mean  value  for 
winter  wheat  on  the  C-band  data  was  also 
significantly  greater  than  the  value  for  the  other 
three  crops;  on  the  X-band  data,  however,  there  was 
no  significant  difference  among  the  mean  values  for 
the  four  creps. 

The  longer  C-baiid  waves  would  be  expected  to 
penetrate  more  of  the  crop  canopy  and  to  be  reflected 
by  more  of  the  crop  structure  below  the  canopy  than 
the  shorter  X-band  waves,  which  would  be  expected  to 
reflect  mainly  off  the  surface  of  the  canopy 
(HASA/JPL,  1986).  Winter  wheat  may  have  had  higher 
C-band  values  because  the  crop  canopy  reflected  fewer 
radar  waves  than  the  underlying  crop  structure. 

The  Effect  of  Polarization 

It  was  found  that,  generally,  with  the  exception  of 
the  August  3  imagery  of  corn  crops,  the  mean  return 
values  of  vertically  polarized  radar  were  slightly 
greater  than  the  mean  return  values  of  horizontally 
polarized  radar.  The  vertically  polarized  C-band  and 
X  -oand  image  data  of  corn  has  a  lower  mean  value  than 
tr.at  of  the  horizontally  polarized  image  octa. 

HASA/JPL  (1986)  and  Ulaby,  et  (1986)  found  that 
the  penetration  of  a  vertically-polarized  radar 
signal  directed  down  through  the  structure  of 
vertically-oriented  crops  suc.h  as  winter  wheat  was 
less  than  that  oi  a  horizontaily-puiarized  signal. 
Assuming  that  a  lower  measurenent  of  signal 
penetration  under  such  circunstances  represents  a 
higher  signal  reflectance,  the  greater  return  of 
vertically-polarized  radar  waves  fron  crops  other 
than  corn  found  in  the  present  study  nay  be  caused  by 
the  mainly  vertical  orientation  of  those  crops. 
Perhaps  the  leaf  portion  of  the  corn  crop,  which  is 


432 


more  horizontil  than  vertical,  affects  the  return  of 
radar  waves  more  than  the  vertically-oriented  stalk 
portion.  This  difference  in  surface  geometry  between 
corn  and  the  other  crops  would  explain  why  the  HH 
return  from  corn  is  greater  than  the  VV  return. 


SUMMARY  AND  CONaUSIONS 

Although  the  set  of  radar  Images  that  was  analysed 
was  incomplete,  and  the  effects  of  crop  orientation 
and  slope  aspect  were  not  analysed,  the  following 
conclusions  nay  still  be  drawn  from  this  preliminary 
analysis  of  the  available  data: 

Significant  differences  were  found  between  the  radar 
image  signatures  of  winter  wheat  and  those  of  corn, 
soya  beans  and  tobacco  for  all  image  dates  other  than 
July  18.  The  greatest  differences  in  radar  Jraage 
signatures  between  corn,  soya  beans,  and  tobacco  were 
found  in  C-band  HH  and  VV-polarlzed  data  recorded  on 
August  3,  when  these  crops  were  at  or  near  peak 
growth. 

The  radar  backscatter  from  all  crops  increases  as  the 
crops  approach  maturity  later  in  the  growing  season. 
The  radar  backscatter  from  harvested  winter  wheat  is 
significantly  lower  than  that  from  winter  wheat 
approaching  maturity. 

The  greatest  effect  of  radar  wavelength  was  found  in 
winter  wheat  signatures  taken  from  both  HH  and 
VV-polarized  Imagery,  recorded  on  June  7.  The  mean 
C-band  value  from  winter  wheat  was  slgnlf<cantly 
greater  than  that  of  the  other  three  crops,  while 
there  was  no  significant  difference  among  the  X-band 
mean  values  from  all  four  crops. 

The  mean  return  values  of  vertically-polarized  radar 
were  generally  slightly  higher  than  the  mean  return 
values  of  horizontally-polarized  radar,  with  the 
exception  of  the  corn-crop  value  recorded  on  August 
3,  when  the  mainly  horizontal  leaf  layer  of  tne  corn 
crop  would  have  been  sufficiently  thick  to  raoaify  the 
return. 

Ongoing  studies  will  Include  analysis  of  the  complete 
radar  data  set  and  the  consideration  of  other  factors 
such  as  crop  orientation  and  slope  aspect. 
Fleld-by-fleld  classification  of  the  imagery  on  a 
geographic  information  system  will  be  evaluated, 
and  the  degrees  of  correlation  between  radar 
reflectance  and  the  factors  that  affect  it  will  be 
determined. 
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Recent  work  in  the  area  of  computer-based  visual  recognition 
shows  that  it  is  possible  to  produce  reliable  identification  and 
localization  of  known  objects  from  even  partial  image  data.  In 
this  talk,  a  computer  vision  system  will  bo  described  that  can 
recognito  three-dimensional  modeled  objects  from  unknown 
viewpoints  in  ordinary  gray-scale  images.  This  system,  named 
SCBRPO,  is  quite  robust  in  the  sense  that  it  is  insensitive  to 
partial  occlusion  and  noisy  data.  An  important  requirement  for 
achieving  robustness  is  the  application  of  the  viewpoint 
consistency  constraint.  This  constraint  requires  that  the 
locations  of  all  object  model  features  in  an  image  must  be 
consistent  with  projection  of  the  model  from  a  single 
viewpoint.  Unfortunately,  'while  simple  to  state,  this 
constraint  presents  a  number  of  mathematical  difficulties  '.;her. 
reasoning  betvjeen  3-D  model.**  and  2-D  images.  We  will  describe 
how  the  constraint  can  be  implemented  and  also  used  to  greatly 
reduce  the  search  space  during  model-based  matching.  A  second 
component  of  the  system  is  based  on  the  principle  of  detecting 
structure  in  the  image  that  is  present  over  a  range  of 
viewpoints  of  the  know.-,  objects  and  yet  is  unlikely  to  have 
arisen  by  accident.  Specific  methods  have  been  developed  for 
measuring  tne  significance  of  instances  of  collinearity, 
proximity  of  endpoints,  and  parallelis.m  between  straight  line 
segments.  Using  these  results,  we  have  developed  algorithms 
that  can  identify  these  types  of  groupings  in  an  inage  and  then 
match  these  derived  image  structures  to  corresponding  structures 
of  a  model.  Since  these  image  groupings  reflect 
viewpoint-invariant  aspects  of  a  three-dimensional  scene,  they 
are  ideal  structures  for  bridging  the  gap  between  the 
two-dimensional  image  and  the  three-dimensional  model.  By 
combining  the  use  of  viev?point  independent  groupings  to  index 
into  a  set  of  object  descriptions  with  the  precise  determinatio.-. 
of  vievjpoint  for  confir.mation,  it  is  possible  to  create  a  robust 
system  for  visual  recognition. 
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Frame  Camera  and  Image  Contextual  Constraints 
for  Stereo  Matching  in  Aerial  Scenes 
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AbstiOi.!  Maii.'i  remote  sensing  and  leconnaissancc  applica 
tioiis,  including  image  oitlio-rectincalion  and  registration,  geoposi 
tiuning  <iiid  meiisuiation,  utiluc  geodetic  coordinate  databases  Such 
d-D  mruniiatiuii  is  often  obtaincel  manually'  or  semi-autamattcaU> 
from  stcieo  pans  of  optical  aerial  images.  Extracting  accurate  geo¬ 
detic  data  fur  a  given  point  rcKpiii'cs  its  conjugate  point,  the  camera 
model  and  pi  ecisr  iwledge  of  oil  camera  parameters  Using  nomi 
nal  paraiiieUi  vt  nd  giouiid  contiol  or  giound  tiuth  for  at  least 
3  imaged  points,  .  ’  parameter  values  can  be  computed  b>  an 

iteratne  process  ki  as  lescction  Automatic  geoedetic  data 
extraction  can  thus  be  roached  in  terms  of  steieo  matching,  ie 
b>  dctei  mining  matches  in  one  image  to  arbitrai7  pixels  in  the  other 
This  papti  addresses  the  specific  problem  of  pixel-by -pixel  stereo 
matching  in  digitized  aerial  scenes  acquiied  by  fiame  cameras. 

Fust,  a  new  stereo  feature  matching  algorithm  is  developed. 
Using  dis.ance  transforms  and  analytical  optimization  procedures,  it 
adaptively  matches  pairs  of  feature  sets  and  then,  unlike  other  algo¬ 
rithms,  applies  the  camera  model  to  validate  the  results  Its  advan¬ 
tages  au'  efficiency ,  amenability  to  parallelism  and  match  con¬ 
sistency  with  respect  to  both  image  context  and  camera  parameters 
Furthermore,  the  algorithm  uses  only  one  edge  resolution  and  despite 
absense  of  structural  feature  descriptions,  is  not  troubled  by  special 
feature  configurations. 

Second,  the  feature  matches  are  used  by  a  novel  procedure  for 
rapid  computation  of  matches  to  arbitiary  pixels.  One  matched  point 
coordinate  is  estimated  as  a  weighted  sum  of  surrounding  feature 
match  coordinates  and  then  the  other  is  specified  by  the  camera  con¬ 
straint  The  resulting  surfaces  are  efficiently  generated,  usually 
smooth,  based  on  matched  pixels  with  lines-of-sight  that  intersect 
and  basically  have  the  conect  geodetic  coordinates  at  all  previously 
matched  feature  pixels. 

Keywords,  stereo  matching  frame  camera  features  correlation 
predictor 

1.  Introduction 


Many  remote  sensing  and  reconnaissance  applications,  includ¬ 
ing  image  ortho  rectification  and  registration,  geopositioning  and 
mensuration,  utilize  geodetic  coordinate  databases.  Such  3  D  infor¬ 
mation  is  often  obtained  manually  or  semi-automatically  from  stereo 
pairs  of  optical  aenal  images  Extracting  accurate  geodetic  data  for 
a  given  point  requires  its  conjugate  point,  the  camera  model  and  pre¬ 
cise  knowledge  of  all  camera  parameters.  Using  nominal  parameter 
values  and  giound  contiol  or  gtound  tiuth  at  n^3  imaged  points, 
precise  parameter  values  can  be  computed  bv  an  iterative  process 
known  as  lesection  11]  Automatic  geoedetic  data  extraction  can  thus 
be  approached  in  terms  of  steieo  matching,  i.c  by  determining 
matches  in  one  image  to  arbitrary  pixels  in  the  other  This  paper 
addresses  the  siiecific  problem  of  pixel-by-pixel  stereo  matching  in 
digitized  aerial  scenes  acquired  by  frame  cameras 


One  approach  to  stereo  matching,  though  computationally 
intensive,  involves  cross-coiTelating  stereo  pair  patches  under 
piesumption  of  pair  geometrical  consistency  in  all  but  offset,  ade¬ 
quate  feature  content  within  blocks  and  sufficient  gray  scale 
similarity  between  block  pans.  Anothei  approach  to  3-D  data  extrac¬ 
tion  attempts  to  compute  reliable  altitudes  for  feature  pi.xels  and 
then  interpolates  in-between.  This  is  consistent  with  the  fact  that 
steieo  matches  to  arbitrary  pixels,  even  when  obtained  manually,  nie 
often  just  estimates.  However,  existing  steieo  fcatuie  matching  algo- 
iilhms  foi  computing  featuie  altitudes  are  coiiiiiutntionall.\  intensive 
and  classical  schemes  for  interpolating  noniiiiiformly  scatleied  van- 
able  altitude  iiosts,  despite  lesulting  in  suifaces  which  miss  the 
liosts,  arc  only  suited  to  massively  parallel  implementation.  The 
steieo  iiiabliing  system  presented  here  is  moie  consistent  with  the 
lattei  approach  in  that  stei  .o  matches  to  arbitrary  pixels  are  based 
paitiall.v  on  siinounding  feature  matches,  but  they  are  also  forced  to 
satisfy  an  independent  camera  constraint. 

First,  a  new  stereo  feature  matching  algorithm  is  developed. 
Using  distance  transforms  and  analytical  optimization  procedures,  it 
adaptively  matches  pairs  of  feature  sets  and  then,  unlike  other  algo- 
nthms,  applies  the  camera  model  to  validate  the  results.  Its  advan¬ 
tages  are  efficiency,  amenability  to  parallelism  and  match  con¬ 
sistency  with  respect  to  both  image  contex-t  and  cameia  parameters. 
Furthermore,  the  algorithm  uses  only  one  edge  resolution  and  despite 
absense  of  structural  feature  descriptions,  is  not  troubled  by  special 
feature  configurations. 

Second,  the  feature  matches  are  used  by  a  novel  procc'dure  foi 
lapid  computation  of  matches  to  aibitiaiy  pixels.  One  matched  point 
coordinate  is  estimated  as  a  weighted  sum  of  suiTounding  feature 
match  coordinates  and  then  the  other  is  specified  by  the  camera  con¬ 
straint.  The  resulting  surfaces  are  efficiently  generated,  usually 
smooth,  based  on  matched  pbcels  with  lines-of-sight  that  intersect 
and  basically  have  the  correct  geodetic  coordinates  at  all  previously 
matched  feature  pixels. 

2.  Stereo  Feature  Matching 

Features,  such  as  edge  pixels,  are  easier  to  match  than  other 
points  because  they  are  salient  and  relatively  consistent  between 
stereo  images  acquired  in  succession.  Stereo  feature  matching  has 
thus  become  an  active  research  topic.  The  objective  is  to  determine 
reliable  feature  rather  than  cxliaustive  pixel  correspondences  and 
matches  to  feature  pixels  in  one  stereo  image  may  or  may  not  be  lim¬ 
ited  to  feature  pixels  m  the  other.  Motion  steieo  methods  1 2-3 1  match 
feature  in  overlapping  scenes  by  applying  simplified  matching  pro- 
cedun  to  all  successive  pairs  of  interm^iate  frames,  but  require 
many  images.  Techniques  that  apply  in  the  absense  of  mtennediate 
frames  are  often  computationally  intensive.  One  applies  the  Marr- 
Poggio  computational  human  stereo  vision  model  to  establish  con¬ 
sistent  unambiguous  stereo  edge  associations,  but  it  is  troubled  by 
certain  feature  configurations  such  as  horizontal  lines  14 J.  Others 
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match  higher  level  feature  descriptions,  where  structural  description 
is  an  on-gomg  research  topic  |5).  A  new  adaptive  algorithm  that 
applies  distance  transforms  and  analytical  optimization  procedures 
to  the  problem  of  matching  edge  sets  is  piesented  m  this  section. 


2.1  Frame  Camera  Model 


Before  attempting  to  match  features,  it  is  important  to  correct 
geometrical  distoitioiis  between  stereo  pairs.  These  distortions  arc 
normally  dominated  by  offset  and  possibly  aspect  ratio  variation 
along  the  ,.arallnx  direction  However  manifested,  the  camera  mode! 
can  be  used  to  reduce  them. 

Frame  camera  models  aie  specified  by  exie/ioi  oueiitation 
poiamcteis,  winch  define  cameia  position  and  pointing  diiectioii  rela¬ 
tive  to  some  reference  world  coordinate  frame  at  the  instant  of  image 
acquisition,  and  intciiot  oiientation  paiameteis,  which  define  the 
transform  between  pixels  and  camera  fiame  coordinates  11).  The  b 
ex'tc-nor  orientation  paiameteis  are  s  cameia  xyz  jiusition 

111  woild  cooidiiialcs  unetcrj-i  and  1v..,i.1e  cameia  orientation 
angles  relative  to  the  world  fiamt  iradi  wlieie  the  camera  to  woild 
fiame  lotation  matrix-  Rid, 0,1.)  has  the  pioperty  that 
R"Ho,Lj,rl  =  Rl—d, =  R*^  <d,v.',/.). 

Interior  orientation  can  be  handled  by  setting  up  an  affine 
transfoim  between  camera  frame  coordinates  (u,v,fi  and  column-row 
pixels  (c.il  where  u  and  v  are  focal  plane  coordinates  Imeters)  and  f. 
the  camera  focal  length  (meters),  is  an  mtcrioi  orientation  parame 
tei.  In  this  case,  the  lists  [c.r]  s  {(cii),iiil  i=0,  ..,n„-l>  s  n(,>  3 
column-row  pixel  coordinates  and  (u,v)  s  {'u(i),v(i))  i=0,...,n„-l}  s 
corresponding  focal  plane  coordinates  imeters)  are  used  in  computing 
least-squares  w  and  s  coefficients  where 

u  =  w(0,0)c-f-w(l,0)r-fw(2,0)  (2.1a) 


accordingly  pnor  to  feature  matching. 

The  ncniest  homontal  feotiiic  tiansform 
Nic.r)  E  lotlc,!  ).v,ic,r)=rj  s  feature  pixel  on  row  r  closest  to  (c,r) 
was  then  comiaitcd  foi  the  wnipt-d  right  feature  map.  If  a  given  row 
has  no  feature  pixels,  v,  docs  not  exist.  For  each  128x128  block,  let  P 
be  the  list  of  olTset  left  image  feature  pixels  for  which  7/,.  exists  and 
let  N  <mx2)  be  the  nearest  horizontal  feature  transform  of  P  in  the 
warixxl  right  image.  Initially,  P  =  Po  and  N  =  No.  Let  f(P,t)  (mx2) 
be  the  result  of  siiatially  tiansfoiming  P  in  accordance  with  adjust¬ 
ment  paianieters  t  With  N(,  defined  as  the  nearest  horizontal 
feature  transfoim  of  Pi,,  Px-n  =  fd’kitim)  and 
<a,,ay>  =  !  ln,l  p-s]  la,  [  1“  la,, a,  mxl),  consider  an  algorithm 
where  at  iteration  k-H,  tlie  pioblem  is  to  analytically  compute  tx+i 
minimizing  <f(P|,7tk+i)-Nk>  This  iterative  process  is  adaptive  in 
that  if  Pk+i  has  a  dilTerent  nearest  feature  transform  than  Pk,  the 
algorithm  causes  Pk+i  to  adapt  to  Nk+i  on  the  next  iteration  How¬ 
ever,  adaptation  seeks  out  local  match  minima  so  (s-kl)>l  sets  of  ini¬ 
tial  parameters  are  lequired. 

Because  terrain  relief  pioduces  distortion  only  along  the  epipo- 
iar  line,  which  is  locally  horizontal,  t  should  be  taken  as  the  1x2  vec¬ 
tor  of  column  offset  and  aspect  ratio  parameteis,  i.e..  t  5  IT,, A,.] 
and 


f(P.t) 


(P-|Te,0J) 


K  0 
0  1 


(2.5a) 


where  Tc  is  the  mxl  vector  of  elements  T,,  the  fust  column  of  P  con¬ 
tains  pixel  column  coordinates,  i.e.,  P=[c,rl,  and  N  s  [r/ciirl-  Then 
the  t  minimizing  <f(P,t)-N>  is 

t  =  ITf,A,;l  =  njc-Ci  l'/c’'^c-mi;rC)/(|  lc|  l‘'-mc“)l  (2.5bl 


where  i/c  is  the  mean  iic  element  and  c  is  the  mean  c  element.  Then 
for  each  block,  the  adaptive  optimization  algorithm  is 


V  a  w(0,l)c-»-w(l,l)r-pw(2,l)  (2.1b) 

c  =  s<0,0)u-ps(l,0)v.*.s(2,0)  (2.2a) 

re  s(0,l)u-ps(l,l)v-fs(2,l).  (2.2b) 


These  coefficients  can  be  viewed  as  the  remaining  interior  orientation 
parameters 

tcl  I  s  camera  index  (L  for  left,  R  for  right), 
R)  “  U'l.yiiZiF  s  camera  I  world  frame  position  (meters),  Ri  s 
camera  I-to-world  frame  rotation  matrix,  f|  3  camera  I  focal  length 
imeters)  and  liii,v,is  focal  plane  coordinates  (meters)  for  point 
imaged  by  camera  I  For  frame  cameras,  the  3-D  lines  in  the  world 
frame,  t'’rough  focal  plane  points  (ui,V|)  are 


X 

X 

X| 

U| 

) 

y 

z 

y 

z 

.Vi 

Z| 

■e  tiR| 

V| 

fi 

ti<R 

where  ti  is  the  parameter  along  Ij.  Now  choose  n^3  terrain  points 
witli  wed  distnbuted  UTM  northings  and  easl-ngs  known  to  he  in 
the  area  of  interest  and  with  fixed  assumed  altitudes.  Let 
Pill  E  lxiij,yu),zii)]'^  i*0,...,n-l  be  their  world  (i.e.  USIt  or  geocen¬ 
tric)  coordinates.  Then,  with  Rj  a  (Ri,07Di.iiRlz]i  ^he  associated 
focal  plane  coordintes  (U|(i),V|(i))  arc  given  by 


U|(ll  =  U|(P(l))  = 


vjli)  =  V|(P(i))  = 


R’‘'i.iilP(i)-P|lf| 
R^wlPlil-Pi) 
R‘,,,[P(i)-P,)f, 
R’l.zlPlD-Pil  ■ 


(2.4a) 


(2.4b) 


(2  2)  can  then  be  used  to  generate  {(ci(i),r|(i)l  i=0,  ,n-l}  for  1"L 
and  R  so  that  as  in  (2  2),  least-squares  transform  coefficients 
between  these  two  sets  of  pixels  can  be  derived. 


2.2  Adaptive  Feature  Matching  Algorithm 


Fig  Kc-d)  arc  the  0=3  pixel  LoG  edge  maps  based  on  the 
sti  digest  40'yf  zero  crossings  that  lie  on  segments  longer  than  35 
pixels  for  the  high  terrain  relief  stereo  pair  of  Fig.l(a-b)  acquired  by 
frame  camera  The  right  image  was  wariied  using  the  6  coefficients 
derived  in  section  2.1  and  the  512x512  left  image  was  split  into  1C 
contiguous  128x128  blocks  Each  block’s  vertical  offset  relative  to  the 
waipc'd  right  image  was  computed  via  cpi|)olar  line  formula  (section 
2  3)  while  horizontal  offset  was  approximated  via  normalized  cross 
correlation  along  the  cpii>olar  line  Left  image  features  were  offset 


for  i“0,...,s 

to(i)  =  |Tf(i),A,.(i))  =  l(i--|-)A,l)  (say  A=5  pixels) 

Po(i)  =  f(to(i),P) 

while  (k-0  or  <Pk(i)-Pk.i(i)>  >  () 

compute  tk+i(i)  minimizing  <f(Pk(i)itk+i(i))-Nk(i)> 
Pk4i(i)  =  f(Pk(i)7tk4i())).  increment  k 
t(i)  =  tk(i),  P(i)  =  Pk(i),  d(i)  =  <Pk(i)-Nk(i)> 
i*  =  i  minimizing  d(i),  t':  P(i')  =  ffPoit  ) 

This  algorithm  guarantees  improvement  or  convergence  at  eacli 
Iteration  since  <Pk+i-Nk>  <  <Pk-Nk>,  because  tk+i  is  the  t 
minimizing  <f(Pk,t)-Nk>  and  <Pk.t-i-Nk-i.i>  <  <Pk.n-Nk>7  by 
definition  of  nearest  horizontal  feature  transform.  Therefore, 
<Pi,.^i— Nk+i>  <  <Pk-Nk>  and  convergence  occurs  at  the  first  itera¬ 
tion  k  for  which  <Pk+i-Pk>  < '  (say  (“I  pixel). 

Matches  are  checked  for  consistency  by  analyzing  the  distribu¬ 
tion  of  horizontal  disparities  for  each  left  feature  segment.  Multiple 
left  feature  matches  to  the  same  right  featui  e  are  1  emoved  by  choos¬ 
ing  the  closest  one  and,  if  too  fai  away,  the  closest  ones  are  also 
removed.  A  list  of  candidate  matches  composed  of  the  remaining 
right  feature  pixels  piioi  to  geomctiical  collection  and  their  left 
countcrparis  is  then  assembled. 

2.3.  Frame  Camera  Constraint  Line 


Bad  candidate  feature  matches  cannot  always  be  eliminated 
using  gray  scale  contextual  information  alone.  In  addition  to  being 
contextually  consistent,  valid  feature  matches  must  also  satisfy  an 
independent  camera  constraint.  Through  the  notion  of  miss-distance, 
the  frame  camera  model  piovides  a  convenient  mechanism  for  vali¬ 
dating  candidate  matches. 

Two  iwints  cannot  be  conjugate  if  the  miss-distancc  between 
their  lines  of  sight  is  too  large  I^t 

Q,  s  |u,.v,,f|j'  s  R|liii,V|,f,j'  l=LorR.  (2.(5) 

For  frame  cameias,  the  set  of  all  right  image  focal  plane  points 
•uii.vr)  producing  0  miss-distance  lines  with  a  given  left  image  focal 
plane  point  Iur.vi,)  is  a  line  in  the  right  focal  plane  with  slope  and 
intercept  that  arc  functions  of  un  and  V|,.  Specifically,  it  can  be 
shown  that  Ihe  frame  cameia  constraint  (cpipolar)  line  is 
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Uii 

a(U|,,vi.)  a 


l'(Ul,.VL)V|l+b(llLi'’|.) 

(RR..xQLrAP 
(QlxRr.o)'^AP 


.  (Rr.jxQl)'‘aP, 

(Q-ZrR„.„)TAp'" 

where  Rr  £3  IRr,o,Rr.iiRr,21'  Furthermore, 

(APxRr,|)'^Rr,qVr+(APxRr^2)''  Rr,oO£ 
(Qi,xRR,i)^RR,oVR+(QLxRR,2;*'RR,of|i 
(QlxRr.o)’'AP 


tL=' 

Ir 


(Qi.xRR.i)^RR,oVR+(QLxRR,j)^Rn,ofR 


(2.7a) 

(2.7b) 

(2.7c) 


{2.8a) 

(2.8b) 


A  0  miss-distance  frame  camera  constraint  can  be  impwed  on 
feature  matches  (ut.vi,)  and  (ur.o,vr.o)  (obtained  as  in  section  2.2) 
by  computing  the  focal  plane  point  (Ur.VrJ  on  the  0  miss-distance 
line  associated  with  lui,,ve)  closest  to  (ur.o.vr  q).  The  solution  is 


a(U].,ve)[uii,u-b(uL.vt)]-evR.o 

a*(uL,VL)-el 


(2.9) 


with  Ur  then  given  by  (2.7).  Candidate  matches  for  which 
<lsR.o.i'i!.o],[cR,rR]>  >  Ad  (where  the  pixels  are  computed  via  (2.2b)) 
are  eliminated.  The  stereo  matches  obtained  via  (2.9)  have  associ¬ 
ated  miss-distances  of  0,  as  they  must,  and  their  world  coordinates, 
which  can  readily  ^  converted  to  UTM,  are  given  by  applying  (2.8) 
to  (2.3).  The  stereo  matches  produced  by  applying  this  algorithm  to 
the  images  of  Fig.l(a-b)  are  shown  in  Fig.l(e-f).  Note  how  well 
feature  structure  is  preserved  even  in  the  presence  of  high  terrain 
relief. 


3.  Stereo  Matching 

The  goal  of  stereo  feature  matching  is  to  determine  points  con¬ 
jugate  to  reliable  feature  pixels.  However,  many  applications  require 
3  D  information  at  regular  intervals  or  even  on  a  pbcel-by-pixel  basis 
Thus,  the  ability  to  efTiciently  perform  stereo  matching  at  arbitrary 
pixels  IS  important. 

There  arc  two  basic  approaches  for  extracting  3-D  data  at  arbi¬ 
trary  pixels  from  stereo  pairs.  One  computes  matches  to  arbitrary 
pixels  by  cross-correlating  blocks  center^  at  those  pixels  with  the 
other  image  along  epipolar  lines  16-7).  It  fails  in  regions  void  of 
features  and  areas  of  high  terrain  relief  containing  shadows,  occlu¬ 
sion  or  geometrical  distortion.  On  a  point-by-point  basis,  the  cost  per 
point  is  Olbibj)  adds  and  multinlies  where  bi  is  the  block  width  and 
b^  is  the  search  width  However,  this  cost  can  be  reduced  to  Olbibj) 
adds  and  multiplies  per  point  when  all  points  along  a  given  scan  line 
aie  processed  together. 

The  second  approach  matches  features,  computes  their  world 
coordinates  and  interpolates  to  estimate  world  coordinates  at  arbi- 
tary  pixels  in  between  Unlike  correlation,  this  method  produces  rea¬ 
sonable  world  coordinate  estimates  for  pixels  in  regions  absent  of 
featuies.  Existing  techniques  (c.g.  (8-10))  interpolate  between  nonun- 
ifoimly  distnliited  variable  altitude  posts  by  minimizing  siiecial 
functionals  (perhaps  with  fxinalty  terms).  Though  smooth,  these  sur¬ 
faces  often  miss  altitude  jxists  and  are  only  suited  to  massively 
pni  allot  implementation. 

The  algorithm  developed  here  uses  surrounding  featuie 
matches  to  efficiently  compute  matches,  with  intersecting  lines  of 
sight,  to  arbitrary  pixels  It  produces  results  comparable  to  correla¬ 
tion  in  areas  of  high  feature  activity  and  deals  with  the  other  areas 
as  well.  The  frame  camera  constraint  equation  is  first  re-written  as 

/'ll  ■=  o(UL,vi,)i'R-ni(ui,,V|,)  (3.1a) 

</'Ki>'R.o(UL.VL),d(U|,,Vi,)  =  (3.1b) 

|(UR,VR,a(U|,,VL),b(U|,,Vi,)  |a(UL,V:,)|  <1 

I  1  -b(U|.,vt) .  |a(ui„v,,)|  >  1. 

I  vr,U|!,  a(jj^  ,v^)  -  atu^^vi,) 

I'  disparities  for  arbitrary  points  arc  estimated  in  terms  of  known  i' 
disparities  for  neighboring  points.  /i  is  not  used  because 
|o{ui,,vi,)|  <  1  =>  estimation  errors  in  /ir  can,  via  (3.1a),  produce 
significantly  larger  errors  in  ur.  Matches  to  arbitraiy  pixels  are 
forced  to  have  intersecting  lines  of  sight  by  applying  the  frame  cam¬ 
era  constraint  (3.18)  to  calculation  of  /ir.  The  advantage  of  tins 
approach  over  altitude  interpolation  is  that  using  (2.8)  and  (2.3),  atl 


3  world  coordinates  can  be  readily  derived  and  made  consistent  with 
intersecting  lines  of  sight. 

Suppose  that  it  is  desired  to  estimate  the  v  coordinate, 
(/R(C(.,ri.),  of  the  stereo  match  to  arbitraiy  left  image  pbtel  (ci,,ri,). 
With  Ui,(C|.,r|,)  and  VR(ci.,ri,)  as  in  (2.2),  {(ci„ri,)  defined  as  th(i  v 
disparity  associated  with  (U|,,vi,)  and  (/il,i'i,)  defined  consistent  with 
(/'r,i'r),  we  have 

I'lileu.ri,)  =  i'i,(Ci,,rL)+i(ci,,ri,)  (3.2) 

so  that  only  i  need  be  estimated.  With 

(C|,)„„„  E  max(c,„i„.ci,-b),  (cr),,,,,  e  min(c,„„,ci.-)-b)  (3.3a) 
(ri.), s  max(r„„„,ri,-b),  (ri,)„„„  s  min(r,„„,ri,-fb)  (3.3b) 

let  us  estimate  (i(Ci,,rL)  for  image  pixels  (C|,,ri,)  < 
lc„„..,c,„„«)xlr,„„„r,„„,)  in  terms  of  4  values  for  certain  pixels  in 
|(ci.),„„„lci.i,„.jx[(ri,),„„.,(r,.)„„j  at  which  6  is  known  by  stereo 
feature  matching  or  has  been  previously  estimated.  With  rtlci,,r|,) 
(discussed  later  in  this  section)  defined  as  this  set  of  pixels  and 

D|(C|,,ri,),(c,r))  s  absolute  distance  from  (C|.,ri.)  to  (c,r)  l3.4a) 


D„„„(C|,,ri,)  s  min  DI(ci,,ri.),(c,r)) 

(c,r)(R(C|,,r|,) 

consider  the  class  of  4  estimates 

(3.4b) 

i(C|,,ri,)  =  £  w(c,r,ci,,ri,)4(c,r) 

(3.5a) 

w(c,r»ci  ,ri.)  =  - — — T-— w»(ci.,ri.) 

►  »  I.»  I.  fiD|(Ct,r,,),(c»r)))+r 

(3.5bl 

where  fl0)>0,  f  is  an  increasing  function,  i>0  is  some  constant  and 
w„(Ci,,ri.)  is  chosen  such  that 

£  w(c,r.ci,,ri,)  =  1  => 

(c.r/t/?(cL  r|,> 

(3.5c) 

,  .  D . (C|„r,.)+( 

“  . /£„,,r(Dl(c,..r,,).(c.r)))+(’  ' 

Note  that  for  ic,r)iI?(C|,,ri,),  i)ic,i)  is  already  kiiown,  by  stereo  feature 
matching  or  piioi  estimation,  and  if  i  -0,  4ic.r)  =  4ic,r),  i.e.,  the 
estimator  leturns  the  correct  geodetic  cooixlinates  at  matched 
features  As  i  increases,  the  surfaces  smooth  out  moie  but  computed 
coordinates  at  matched  features  tend  to  be  somewhat  off  A  mean¬ 
ingful  upper  bound  on  i  can  be  derived  by  insisting  that  <  be  small 
enough  to  ensure  that  weights  attributable  to  all  [loints  in  RlCu,ri.) 
except  (C|.,rj,)  sum  to  no  moie  than  a  fraction  p  of  the  weight  attri¬ 
buted  to  (Ci.,rj,)  when  (ci,,ri,/  already  has  a  matched  feature.  The 
relation 

(  <  (im,ii(p,b)  s  p/(2b+l)''  (3.6) 

more  than  satisfies  this  requirement.  Also,  note  that  f  needs  to  be  an 
increasing  function  so  that  weights  attributed  to  disparities  associ¬ 
ated  with  matched  fixtures  decrease  with  increasing  distance  to  the 
pixel  of  interest.  Rapidly  increasing  functions  promote  high  suiface 
variation  near  matched  features  while  slowly  increasing  functions 
enhance  surface  uniformity. 

If  b  is  not  allowed  to  vary  with  (cu.ri,),  some  of  the  blocks  may 
not  contain  matched  feature  pixels.  While  choosing  b  tv  be  large 
reduces  the  liklihood  of  having  empty  blocks,  it  does  not  eliminate 
the  problem,  it  increases  cost  and  is  inconsistent  with  the  idea  that 
disparity  at  (ci,,ri,)  should  be  dictated  only  by  the  disparities  of  its 
nearest  neighbors  if  they  are  known.  On  the  other  hand,  allowing  b 
to  vary  hampers  implementabihty  and  can  ruin  surface  integrity.  By 
modifying  concepts  developed  for  2-D  linear  prediction,  it  is  possible 
to  remove  the  empty  block  problem  and  still  choose  a  small  fixed 
value  for  b. 

For  this  algorithm,  consider  2  tyjies  of  scans.  For  top-to-bottom 
and  leR-to-right  scans  from  (ci.,ri,)  (  |l,e,„„,-l)x|l,r„„x-l),  /?(C|..ri,) 
will  contain  the  4  points  (C|,-l,ri,),  (C|,+i,ri,-l)  i  -  -1,0,1  in  the 
causal  prediction  window  of  Fig.2(a)  (11)  for  which  4  has  been  previ¬ 
ously  calculated  during  the  scan  together  with  matched  feature  pix¬ 
els  111  lci„(C|,),„„|xlr)„(r|,)„„J  u  l(Ci,),„„„C|,-l)xli|,+  l.U|,)„,„J.  For 
bottom-to-top  and  right-to-left  scans,  R(C|,.r(,)  will  contain  the  4 
points  (C|.+l,ri,),  (C|.+i.ri,+l)  i  =  -1,0.1  in  the  causal  prediction  win¬ 
dow  of  Fig.2(b)  for  which  4  has  been  previously  calciilatwl  during  (he 
scan  together  with  matched  feature  pixel.*  in 
l<C|.)„„.„C|.lxl(r|.),„„„ri.Hj|ci,-fl.(C|,) . Ixlir,  ) . ii -1|. 

Disparities  are  obtained  by  avei.iging  re.'iilt,-  of  2  iiiiIi|kiuKii1 
passes  With  (C|,.r„l  e  (he  leflmost  in.itclied  fe.idiit  pixil  on  iln  ivp 
row  containing  matches,  the  first  p.is.-  loiiiplilt.'  I'lm  i..  ly  1<  I'l  i 
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right  and  right  to  left  scans  from  (Cv,r„).  A  top-to-bottom  Icfl-lo-right 
scan  from  ll,r„+ll  (ro«-r|„„^-2l  and  a  bottom-to-to|)  right-to-left  scan 
from  lc„„^-2,ro-l)  (ro>l)  are  then  ijorfonned.  Similarly,  with 
(C(,r()  E  the  riglitmost  matched  feature  pixel  on  the  bottom  row  con¬ 
taining  matches,  the  second  pass  completes  row  rr  by  nght-to-left 
and  left-to-right  scans  from  tC(,r().  A  bottom-to-top  right-to-left  scan 
from  (c,„„-2,rf-l)  (rf>1)  and  a  top-to-bottom  left-to-right  scan  from 
il,r(+l)  ir|<,ri„„,-2)  arc  then  peiformed.  The  lesult  is  a  relatively 
simple  efficient  scheme  for  sequential  computation  of  high  quality 
surfaces  with  correct  disparities  at  the  featuie  posts. 

After  stereo  feature  matching,  the  cost  associated  with  coniput- 
iiiK  matches  to  arbitrary  pixels  can  be  estimated  in  terms  ol'  the 
average  number  of  feature  pixels  per  2bxb  block,  which,  for  NxN 
images  containing  E  feature  pixels,  is  approximately  2Eb'‘*/N'^.  For 
the  example  of  Fig.l,  E-10520,  N”512  and  b-lG  so  that  the  average 
number  of  feature  pixels  per  2bxb  block  is  0(20).  Using  table  look-up 
on  f,  the  number  of  adds  and  multiplies  required  per  disparity  calcu¬ 
lation  is  about  3  times  this  number  or  0(60).  Depending  on  bj  and 
hi,  the  correlation  approach  can  be  1  to  3  oi-ders  of  magnitude  more 
expensive.  For  example,  b|=b2=32  =>  0(32^=1024)  required  opera¬ 
tions  per  match  which  is  20  times  more  expensive  for  our  example. 

Results  of  applying  (3.5)  are  shown  in  Fig.l(g)  wheie  f(x)-'^ 
and  (=.l.  The  surface  altitude  range  is  1656  to  1788  meters,  n-32 
well  distributed  pixels,  {(C|,(i),r|.(i))  i=0,  ,n-l},  were  manually 
chosen,  their  manually  selected  counterparts,  (Cn  M(i),r|(.M(i)l,  wero 
compared  to  the  automatically  computed  ones,  (C|((i),rn(i)),  using  the 
pixel  accuracy  measure 

1 

Qp  =  (— <3.7) 
and  Qp  was  found  to  be  0(4)  pbtels. 

4.  Conclusion 


The  camera  model  and  its  parameters  contain  much  informa¬ 
tion  and  should  be  used  to  supplement  gray-scale  contextual  data 
when  computing  conjugate  pixels  for  stereo  pairs.  In  stereo  feature 
matching,  bad  candidate  matches  obtained  on  the  basis  of  contextual 
information  can  be  eliminated  using  the  camera  model  and,  when 
matching  arbitrary  pixels,  it  can  be  used  to  enforce  line-of-siglit  con¬ 
sistency  between  conjugate  points.  The  need  for  massively  parallel 
networks  in  real-time  computation  of  matches  to  large  numbers  of 
pixels  can  be  eliminated  by  estimating,  for  each  pixel,  the  focal  plane 
coordinate  dictated  by  the  camera  model  as  a  weighted  function  of 
neighborhood  data. 
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ABSTRACT 


The  geometric  adjustment  or  correction  of  remotely-sensed  data 
is  used  in  image  processing  for  a  variety  of  reasons.  Most  common  is 
the  desire  to  co-register  multiple  data  sets,  either  from  different 
sensors  or  from  different  dates  of  acquisition.  Of  growing  interest 
is  the  precise  registration  of  an  image  to  a  particular  map  base, 
particularly  for  environmental  and  land  use  monitoring;  the 
requirement  for  accuracy  here  arises  from  the  potential  for  using  the 
imagery  as  evidence  in  enforcement  and  other  legal  actions.  For  some 
applications,  such  as  simulated  flight  animations,  ortho-image 
generation,  and  slope  aspect  estimation,  the  correlation  of  imagery 
with  digital  terrain  models  is  necessary.  Registration,  uniformly 
accurate  to  approximately  one  pixel,  may  be  required  for  some 
progects . 

For  most  image  registration  and  related  geometric  adjustment 
issues,  the  digital  image  processing  community  has  relied  almost 
exclusively  on  polynomial  warping  algorithms.  Typically  a  set  of 
ground  control  points,  or  other  tie  points,  are  defined  to  calculate  a 
first  or  second  (occasionally  third)  order  polynomial  function  to 
effect  the  desired  trcnsformation.  The  technique  is  convenient  and 
computationally  efficient.  The  level  of  precision  noted  above  is, 
however,  achievable  only  with  narrow  field-of-view,  nadir  pointing 
sensors.  In  addition,  geographical  domains  being  transformed  must  be 
of  limited  size,  and  terrain  relief  must  be  minimal.  If  any  of  these 
conditions  is  not  net,  an  alternative  geometric  correction,  or 
registration,  technique  must  be  employed. 

The  Analytic  Sciences  Corporation  (TASC)  has  developed  several 
approaches  to  handle  these  registration  problems.  The  techniques  have 
been  applied  to  the  geometric  correction  of  uncontrolled  airborne 
scanner  data,  resulting  in  the  generation  of  "seam-free”  mosaic  the 
correlation  of  SIR-B  synthetic  aperture  radar  imagery  with  vari  cions 
in  local  terrain  slope,  the  development  of  video  flight  simulations 
through  mountainous  terrain  (using  SPOT  and  Landsat  Thematic  Mapper 
imagery),  and  the  prototyping  of  a  new  ortho-imaging  technique. 

Some  of  the  methods  used  are  based  on  the  development  of  sensor 
models;  since  sensor  position  uncertainties  are  often  on  the  order  of 
hundreds  of  meters,  estimation  of  the  sensing  geometry  must  be 
accomplished  from  image  (distortion)  parameters.  Where  one  cannot 
model  the  sansor  geometry,  a  local  point-to-point  registration 


technique  may  be  useful.  Based  upon  an  algorithm  suggested  by  Akima, 
TASC  developed  this  method  especially  for  the  terrain  correction 
problem,  where  geometric  distortions  are  not  adequately  modeled  by 
readily  defined  surfaces.  Unlike  polynomial  warping  algorithms  which 
provide  a  best  fit  in  the  least  squares  sense,  TASC ' s  Akima  warper 
provides  exact  co-registration  at  all  user  definjd  tie  points. 

The  purpose  of  this  paper  is  to  examine  the  limitations  and  types 
of  error  associated  with  these  various  methods  of  geometric  correction 
and  registration.  The  magnitude  of  the  error  to  be  expected  in 
employing  these  techniques  will  depend  on  the  accuracy  with  which 
ground  control  points  have  been  mapped,  the  accuracy  with  which  they 
can  be  determined  from  the  reference  material,  and  the  accuracy  of  any 
digital  terrain  models  being  used.  All  of  these  error  sources  will  be 
discussed,  and  some  practical  observations  regarding  these  factors 
will  be  offered.  Included  will  be  issues  associated  with  the 
extraction  of  terrain  models  from  stereo  imagery.  Finally,  some 
guidelines  for  use  in  selecting  the  most  appropriate,  cost-effective 
method  for  specific  types  of  application  problems  will  be  presented. 
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RESUME 

Lc  prdsent  article  it  pour  but  dc  proposer  tine  mdthodc  pour 
I'extraction  du  rdscau  hydrographique  a  partird'un  modile  numdnque  dc 
terrain  (M.N.T.). 

La  mddtodc  proposdc  repose  sur  un  iraitcmcnt  tiidrarchique  a  deux 
niveaux,  cffcctuant  unc  prdclassincalion  dcs  pixels  par  analyse  locale  du 
M.N.T.,  suivi  d'un  cliarnagc  des  segments  du  nSseau. 

Les  rdsultats  obtenus,  bicn  qu'incomplcts,  motitrent  qu'il  scmblc 
possible  dc  ddtcctcr  lc  rdscau  liydrographiquc  avee  unc  intervention 
minime  dc  I’opdratcur,  unc  prdcision  amdiiordc  cl  tin  coflt  plus  faiblc. 

SUMMARY 

This  article  proposes  a  solution  for  the  extraction  of  a 
hydrographical  network  from  digital  elevation  model  (DEM)  data. 

The  method  (taking  into  account  DEM  errors)  is  based  on  a  two 
levels  hierarchical  process,  providing  a  classification  by  local  analysis  of 
DEM.  followed  by  a  linking  performed  on  the  detected  segments. 

The  results,  although  not  completed,  are  promising  because,  with  a 
small  operator  interference,  the  network  is  obtained  with  a  precision  which 
seems  to  be  very  accurate  and  at  a  reduced  cost. 


1-INTRODUCTION 

Avee  l  avincmcnl  dcs  techniques  dc  tdldddlcction,  ct  les 
linages  Ju  satellite  SPOT,  il  cst  possible  dc  nialiscr  scmi-aulomatiqucmcnt 
dcs  cartes  topographiqucs  a  I'dchcllc  1,50  000  (.Rochon,  1985,).  Lc  tracd 
du  rdscau  hydrographique  cst  unc  dcs  panics  manucllcs,  ct  son 
automatisalion  dcvrait  cngcndrcr  dcs  coQls  ct  ddlais  dc  production  plus 
faiblcs.  La  mdthodc  prdscnldc  dans  cut  article  a  dtd  ddvcloppdc  dans  cette 
perspective,  par  aillcurs,  vile  pourrait  dtne  aussi  avanlagcuscmcnt  utihsdc 
par  les  hydrographco  t  estimalion  dcs  rdserves  cn  cau,  surveillance  ci 
contrdlc  dc  Tdvolution  du  rdscau,  irrigation,  ...).  Ces  multiples 
applications  cxpliqucni  lc  fait  que  la  ddtcciion  auiomatiquc  du  rdscau 
hydrographique  ait  fait  I'objct  de  plusieurs  dtudes.  Les  approches 
cxistanics  peuvent  sc  regrouper  cn  deux  f.amillcs,  scion  qu'cllcs 
s'inidrcsscnt: 

*  a  la  ddicction  d'didments  lindaiies  dircctcmcnt  dans  les  im,agcs, 
suivic  d'unc  classincation  permettant  dc  rcconnattrc  les  segments 
apparicnant  au  rdscau. 

•  ou  a  I’analysc  locale  du  M.N.T,,  qui  repose  sur  I’diudc  du 
voisinagc  d'un  point  cn  vuc  dc  sa  classillcation  dans  Ic  idscau. 

Toutes  CCS  mdthodcs  .sont  cfficaccs  sur  un  M.N.T.  iddal.  II  scmblc 
pounant  difficile  dc  les  appliquer  a  un  M  NT.  pratique,  contenant  dcs 
cricurs. 

La  mdthodc  prdsc’itdc  ici  repose  sur  un  iraitcmcnt  cn  deux  dtapes. 
Dans  un  premier  temps  nous  introduiions  unc  technique  dc  ddicction  dcs 
cxtrdm?  locaux  sur  un  M.N.T.fparagraphc  2),  puis  un  iraitcmcnt  pour  lc 
calcul  du  ddvcrscmcni  (paragraphe  3).  Dans  lc  paragraphe  4,  on  prdsente  la 
mdtliodc  dc  chafnage  dcs  segments  ddtcctds  qui  cst  guiddc  par  un  opdratcur 
et  licnl  comptc  dcs  imperfections  du  M.N.T.  EnTin  on  dvaluc  les 
pcrfonnanccs  dc  cette  mdthodc  cn  prdsciuant  dcs  idsullats  dc  trailcmcrit  sur 
un  M.N.T.  obtenu  sur  un  site  dc  Malaisic. 


2-CALCUL  DES  EXTREMA  LOCAUX  SUR  UN  M.N.T. 

La  mdthodc  prdscnldc  ici  repose  sur  I'dtudc  du  voisinagc  3*3  de 
chaque  pixel  (voir  Figure  1).  Lc  pixel  5  dlanl  Ic  pixel  dludid,  on  calculc  les 
extidma  loc.iux  dc  la  fagon  suivantc  (Jenson,  1985): 


•Figure  I ;  Liaisons  possibles  du  voisinagc  3*3  d'un  point- 
Possible  links  in  a  3*3  neighborhood 

Si  les  deux  cxirdmilds  d’unc  liaison  symdtn'quc  (1-9;  2-8;  3-7;  4-6) 
.sent  d'aliitudcs  supdricurcs  ou  dgalcs  au  point  central  (point  dtudid),  alois 
cclui-ci  sera  classd  comme  minimum  local,  si,  cn  revanche,  les  deux 
cxtidmitds  sont  d’altitudcs  infdricurcs  ou  dgalcs,  alors  lc  point  cst  classd 
comme  maximum  local. 

n  faut  ncicr  que  puisque  les  conditions  sont  larges,  un  point  peut 
dire  classd  comme  minimum  ct  maximum  It  la  fois.  Dans  cc  cas,  on 
privildgic  les  minima,  c'csi  ^  dire  que  lc  point  sera  pris  comme  minimum, 
ct  non  comme  maximum.  Ccci  cst  dO  au  fait  qu'un  cours  d'eau  sc 
prd.scnic,  dans  un  M  N.T.,  sous  la  forme  d'un  talwcg  (profil  type  "V";, 
done  comme  un  minimum  iocai.  Ainsi  dtre  minimum  iocal  cst  unc 
condition  ndccssairc  pour  dire  cours  d'eau,  done  dans  lc  doulc  il  vaul 
mieux  opicr  pour  un  minimum  ct  ainsi  nc  pas  perdrc  d'infoimation. 


3-CALCUL  DU  DEVERSEMENT 
3.1  Orientation  dcs  pentes; 

Lc  but  dc  cc  iraitcmcnt  cst  dc  calculcr  I'oricntaiion  dcs  pentes  suivant 
8  directions  possibles: 

1  :  Est;  2  :  Nord-Est;  3  :  Nord;  4:  Nord-Oucst;  5  :  Quest;  6  :  Sud- 
Oucst;  7  ;  Sud;  8 :  Sud-Esi;  on  rajoutc  Ic  cas  0  oil  la  pente  cst  nullc. 

Pour  rdaliscr  cc  calcul,  on  cffcctuc  au  prdalablc  un  filtrage  passc-bas 
du  M.N.T.,  afin  do  lissor  lc  "iciicr,  ct  supprimer  ics  erreurs  grossicres. 

Ensuitc  on  localise  les  [xtinis  singuliers  (points  d’aliiiudc  infdricurc 
it  tous  ses  voisins,  c'csi-it-dirc  les  nous),  it  I'aidc  dc  la  mdthodc  prdcddcnic 
parcxcmpic. 


Enfin,  on  calculc  les  valcurs  dcs  pentes  ^  I'aidc  dc  la  mdthodc  dcs 
diffdrcnccs  Tinics,  ccs  valcurs  pcrmcltcnt  finalcmcnt  dc  ddterminer 
I'oricniation  dc  tous  les  points  du  M.N.T..Cctic  mdthodc  a  did  ddvcioppdc 
par  Djciali  Benmouffok  (tltdsc  it  paratirc,  INRS  Montrdal). 
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3.2>Calcul  du  diversetncnt: 

A  paitir  dc  I'oricniation  dcs  pcntcs,  on  a  ddvcloppd  unc  mdthodc 
pour  calculcr  Ic  ddvcrscmcnt.  Pour  sc  fairc,  on  part  du  fait  qu'unc  direction 
dc  pcnic,  i  panir  d'un  point,  nous  donne  Ic  point  dans  IcqucI  cclui-cl  sc 
ddvctsc. 

Ainsi,  cn  suivant  Ics  pcntcs,  ct  cn  inerdmentant  la  valcur  dc  chaque 
nouveau  point  dans  IcqucI  on  sc  ddveisc,  on  peut  calculcr  Ic  ddversement 
du  rdscau. 

Par  cxcmpic,  un  sommet  aura  unc  valcur  dc  ddversement  nullc,  alots 
qu’un  ravin  (ou  un  cours  d’eau)  aura  dcs  valcurs  dc  ddversement  dievdes, 
ct  cc,  d'autant  plus  qu'on  sc  rapprochc  dc  son  cxtrdmitd. 

Malhcurcuscmcnt,  la  pidscncc  dcs  circurs  sur  Ic  M.N.T.  faussc  Ics 
rdsultats.  En  prenant  pour  illustration  la  Figure  2,  on  s'apcr^oit  que  Ics 
valcurs  dievdes  correspondent  cffcctivcmcnt  au  cours  d'eau,  mats  par 
centre  que  dcs  valcurs  faiblcs  n'impliqucnt  pas  ndccssaircmcnt  qes  ccs 
points  n'apparticnncnt  pas  au  rdscau. 

Cependant  cc  calcul  permet  d'avoir  unc  condition  sudlsantc  pour 
avoir  un  cours  d'eau,  ^  savoir  que  dcs  valcurs  dc  ddversement  trds  grandcs 
impliqucm  que  ccs  points  appartiennent  au  rdscau. 


-  Figure  2  :  mise  en  Evidence  desproblimes  dOs  aux  errews 
sur  le  MM.T.danr  'es  calculs  de  diversement- 
Presentation  of  some  problems  due  to  errors  on  DEM  in  the  overflow 
computing 

4-APPLICATION  A  LA  DETECTION 
D'UN  RESEAU  HVUROGRAPHIQUE 
A  PARTIR  D’UN  M,N.T. 

4.1-Pr4classification  des  pixels: 


Dans  cette  panic  nous  aliens  utiliscr  Ics  divcrscs  informations 
ai^ndcs  par  Ics  deux  calculs  prdeddents,  tout  cn  tenant  comptc  du  fait  que 
le  M.N.T.  possddc  dcs  erreurs. 

L'application  dc  ccs  deux  traitements  va  nous  pcrmciirc  dc  classcr 
Ics  pixels  dans  trols  classes  distinctes; 

-  la  classc  I,  contiendra  tous  Ics  pixels  qui  appaniennent 
sdrement  au  rdscau. 

-  La  classc  2,  condiendra  tous  Ics  points  qui  appaniennent  peui- 
tire  au  rdscau. 

-  La  classc  0,  Ics  points  qui  n'appanicnncnt  pas  au  rdscau. 


Lcs  critdics  dc  classcmcnt  ont  dtd  dd.lnis  comme  suit: 

•  Pour  appanenir  It  la  classc  1,  un  point  nc  doit  pas  dtre  un 
maximum  local  ct  doit  avoir  unc  valcur  dc  ddversement  supdricunc  5  un 
scuil  (SEUILI),  QU  il  doit  £trc  un  minimum  local  ct  avoir  unc  valcur  dc 
ddversement  comprise  entre  Ic  scuil  prdeddent  ct  un  autre  scuil  plus  faibic 
(SEUIL2). 

•  Pour  appanenir  ^  la  classc  2,  il  doit  dtre  minimum  local  (sans 
vdriflcr  lcs  conditions  prdeddentes). 

•  La  classc  0  comptendra  tous  Ics  autres  points. 

II  rcstc  alors  ^  fixer  Ics  scuils;  dans  un  premier  temps  ccux-ci  sont 
choisis  au  vu  dcs  valcurs  dc  ddversement  obtenus  sur  I'imagc  compldtc. 
Le  SEUILI  cst  choisi  dievd  afin  d'dtie  certains  que  Ics  points  dc  la  classc  1 
scront  cffcctivcmcnt  dcs  points  du  rdscau,  Ic  SEUIL2  quant  h  lui  cst  pris 
plus  faibIc  pour  tenir  comptc  dcs  cas  ambigUs. 

La  Figure  3  pnfsente  Ic  rdsultat  dc  classification  dcs  pixels  dans  un 
fendtre  dc  32  par  64  extraite  du  M.N.T.  d'un  site  dc  Malaisic. 

4.2- Chainage  des  segments: 

Lcs  rdsultats  dc  I'dtapc  ptdeddente  nous  donnent  dcs  segments  du 
rdscau  entre  IcsqucIs  sc  trouve  dcs  points  dc  la  classc  2  (appanenant  peut- 
dtre  au  rdscau).  La  suite  du  traitement  va  done  consistcr  ^  rclicr  ccs 
segments  au  travers  dc  ccs  points  "ambigUs”. 

Actucllcmcnt  cc  processus  cst  rdalisd  avee  I'aidc  d'un  opdratcur, 
cclui-ci  donne  I'cxtrdmitd  d'un  segment  ct  la  direction  dc  la  connection  li 
cffcctucr.  L'algoritlunc  vdrific  si  on  peut  tdaliscr  unc  connection.  Ccllc-ci 
n'est  possible  que  si  en  parcourant  "I'imagc"  dans  Ic  sens  donnd,  ou  un 
sens  compatible  (e'est  ^  dire  qui  nc  soit  pas  dc  direction  opposdc  h  cclle 
donndc),  b  pattir  du  point  ddsignd  ct  cn  suivant  dcs  points  de  la  classc  2, 
on  arrive  it  un  autre  segment  (classcl) . 

On  impose  dc  plus  la  contraintc  que  pendant  tout  le  trajet  dc 
connexion,  I'^titudc  soit  constan'c  ou  ddcroissantc.. 

Examinons  le  cas  ob  I'allitudc  viendrait  b  augmenter  cn  cours  dc 
liaison.  On  ddeide  alors  dc  corriger  I'altitudc  dc  cc  point  (conection  limitdc 
b  la  prdcision  donndc  sur  Ic  M.N.T.  dc  ±  3  mdtres) ,  si  cette  correction  nc 
suffit  pas,  la  liaison  cst  ditc  impossible  ct  on  passe  b  un  autre  segment, 
sinot)  on  continue  Ic  processus  dc  liaison  dc  cc  segment. 

4.3- Rdsultats; 

Cette  mdthodc  a  dtd  testde  sur  un  site  dc  Malaisic  pour  IcqucI  un 
M.N.T.  dtait  disponiblc.  L'imagcdtait  de  taillc  128*128  pixels,  le  paysage 
dc  type  accidentd,  sous  couvert  vdgdial  dc  type  fordt  tropicalc,  situd  dans  !a 
rdgion  de  Nami.  L'altitudc  varie  de  0  b  460  m. 

Lcs  rdsultats  obtenus  (voir  Figures  4  ct  5)  ont  donnd  unc 
reconstruction  compidte  du  rdscau,  avee  dcs  cours  d'eau  non  rcprdscntds 
sur  la  carle,  mais  confonnes  b  failure  topographique  du  site. 

En  revanche,  on  pouvait  s'attcndrc  b  unc  cfficacitd  rdduitc  pour  lcs 
faiblcs  altitudes,  e'est  cc  qu'on  peut  constatcr  sur  la  panic  gauche  dc 
I'imagc  (voir  Figure  5),  pour  laquclle  le  relief  cst  bcaucoup  plus  "doux" 
(pcntcs  faiblcs,  altitudes  faiblcs).  Dans  dc  tcllcs  configurations, 
I'utilisation  dc  I'infomiation  radiomdtrique  devrait  pemnettre  d'amdiiorcr 
Ics  rdsultats. 

D'autre  pan,  la  prdcision  du  tracd  scmbic  satisfaisantc,  mais 
demande  b  due  dvaludc  dc  manidtc  systdmatique. 


S-CONCLUSION 

Cette  mdthodc  donne  dc  bons  rdsultats  sur  Ic  site  dtudid.  Ellc  apponc 
unc  premidre  rdponse  au  probldmc  dc  la  ddtcction  du  rdscau 
hydrographique  b  panir  d'un  moddic  numdrique  dc  terrain  pratique 
(cntachd  d'eneurs).  Si  die  fail  intervenir  un  opdratcur,  sa  iJchc  cst 
simplifidc  ct  rdduitc.  On  peut  done  s'attcndrc  b  unc  rdduction  du  temps  dc 
rdalisation  dcs  canes  topographiques  ct  unc  diminution  probable  dcs 
erreurs  (notamment  dcs  oublis  dc  stnictures). 

Cependant  avant  dc  gdndraliscr  la  pondc  dc  ccs  rdsultats,  unc 
experimentation  systd.natiquc  rcstc  b  fairc.  Plusicurcs  amdiiorations  sont 
envisagdes.  cn  paniculicr  I'automatisation  compidte  du  processus  (  y 
comprTs  dvcntucllcmcnt  la  ddtcrmination  dcs  scuils)i  I'utilisation 
compidmentaire  dc  I'infomiation  radiomdtrique  cl  le  ddvcioppcmcnt  dc 
systdme  b  base  dc  connaissanccs. 
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-  Figure  3:  restiltats  dc  la  classification  dans  itne  fenetra  de  32  par  64  pixels- 
Classificetion  results  in  a  32  by  64  pixel  window 
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•  Figure  4:  resultat  final  sur  lafcnctre  citoisie  (le  reseati  ddjd  cartography  est  repriscntd  en  gnsd)- 
Final  rcsull  on  ihc  selected  window  (the  shaded  area  represents  llic  known  network) 


-  COURS  D'EAU  CARTOGRAPHIES 

- COURS  D’EAU  DETECTES 


-  Figure  5:  image  du  site  avec  le  rdsultat  de  traitement  sur  un  sedne  dc  128  par  128  pixels  ( la  zone  en 
grisi  correspond  approximativement  d  la  feneire  des  figures  3  et  4)- 
Extraction  of  the  network  in  a  128  by  128  image  (the  shaded  area  rcprcscnls  approximately  tlic  window  of  tlic  Figures 

3  and  4) 
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ABSTRACT 

Digital  Elevation  Models  (DEMs)  derived 
automatical.ly  from  satellite  imagery  are 
aistorted  by  three  types  of  errors.  Geometric 
correction  errors  of  between  0.5  and  1  pixel 
result  mainly  from  the  inaccuracies  in  ground 
control  poi.it  location  on  the  map  and  in  the 
image.  Stereo  matching  errors  are  slightly 
above  0.5  pixel  for  real  satellite  images. 
Gross  errors  (blunders)  can  exceed  several 
pixels.  The  new  approach  to  blunder  detection 
and  removal,  combined  with  the  traditional 
thresholding  and  filtering,  is  capable  of 
removing  most  of  the  blunders.  To  produce 
blunder-free  DEMs,  the  manual  verification 
and  editing  stage  is  still  needed. 


Keywords:  Digital  Elevation  Model,  automatic 
derivation,  errors,  blunders 


1.  INTRODUCTION 

Digital  Elevation  Models  (DEMs)  contain 
elevation  values  of  terrain  in  gridded 
digital  form,  and  play  an  important  role  in 
map  production  and  many  other  applications. 
Extraction  of  DEMs  from  digital  stereo  data 
by  computer  correlatio.n  (or  matching)  of 
image  pairs  can  be  now  implemented  in 
production  systems.  This  is  due  to  a 
significant  reduction  of  manual  labour 
required,  in  comparison  to  traditional 
stereoplotting,  partioularly  when  processing 
satellite  stereo  image  pairs. 

An  automatically  produced  DEM  is  distorted  by 
three  types  of  errors.  The  first  type  are 
the  geometric  correction  errors,  resulting 
from  inaccuracies  of  the  transformations 
between  the  image  and  ground  scene 
coordinates.  The  second  type  of  errors  are 
usually  small,  random  errors  in  determining 
the  exact  disparity  of  the  two  images,  and  in 
interpolating  the  results  to  a  regular  grid. 
Finally,  the  third  type  of  errors  are 
blunders,  resulting  from  the  matching  of  the 
wrong  features  by  the  stereo  matching 


algorithm,  or  from  the  failure  to  detect  any 
matches.  In  the  following,  we  discuss 
briefly  the  magnitude  of  the  three  types  of 
errors  and  possible  ways  of  minimizing  their 
effects  in  automatic  derivation  of  the  DEMs. 


2.  GEOMETRIC  CORRECTION  ERRORS 

Geometric  correction  errors  originate  during 
the  transformation  of  image  to  ground  scene 
coordinates.  There  are  three  approaches  to 
this  task:  (i)  the  transformation  function 
can  be  derived  by  comparison  of  the  image 
and  ground  scene  coordinates  of  the  selected 
group  of  Ground  Control  Points  (GCPs);  (ii) 
the  orbit  and  attitude  of  the  satellite  can 
be  described  by  polynomials  in  time,  based 
on  available  satellite  telemetry  parameters 
and  a  few  GCPs,  and  then  used  to  determine 
the  corrected  position  of  the  pixels;  (iii) 
the  satellite  orbit  and  attitude  can  be 
described  by  a  physical  model,  the 
parameters  of  which  are  determined  from  very 
few  GCPs  per  strip  of  scenes. 

In  the  first  approach  about  ten  GCPs  are 
needed  for  one  SPOT  scene  or  Landsat  TM 
quarter-scene.  The  transformation  is  then 
described  by  a  low  degree  (three  to  five) 
polynomial  in  image  or  ground  scene 
coordinates,  and  its  coefficients  determined 
by  least  squares  fitting.  This  method,  used 
in  most  of  the  commercial  image  processing 
systems,  has  a  serious  drawback  of  requiring 
a  relatively  large  number  of  GCPs.  In  well 
mapped  areas  it  is  possible  to  acquire 
enough  GCPs,  although  at  a  cost  of  long 
operator  time.  In  poorly  mapped  areas  the 
cost  of  GCP  acquisition  can  be  very  high. 
Also,  a  large  number  of  not  very  accurate 
GCPs  introduces  errors  in  the  transformation 
polynomials.  In  our  tests  with  an  eastern 
Ontario/western  Quebec  .SPOT  PI.A  scene  pair, 
the  use  of  32  and  25  GCPs  from  1:50,000  maps 
in  the  third  degree  polynomial 
transformation  resulted  in  residual  errors 
of  almost  9  metres  in  both  line  and  pixel 
directions.  This  was  only  slightly  worse 
than  the  limit  imposed  by  the  SPOT 
stereoscopic  accuracy  of  about  6  m  in  X  and 
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'i  and  3.5  in  in  Z,  for  the  maximum  stereo 
effect  corresponding  to  +27/-37  degree 
viewing  angle  (Rodriguez  et  al., 

The  second  approach  is  based  on  expansion  of 
orbital  and  attitude  parameters  into  low 
degree  polynomials  in  time.  It  requires  far 
fewer  GCPs  to  determine  the  coefficients 
describing  the  required  transformation,  about 
ten  for  an  area  of  500  by  500  km  (Guichard, 
1985),  giving  accuracy  of  3.5  m  for  simulated 
SPOT  PLA  data.  This  value  did  not  include  GCP 
location  errois. 

Similarly  the  third  approach,  orbit  and 
attitude  physical  modelling  and  integration 
in  time,  allows  the  continuation  of  the 
model  along  a  strip  of  scenes.  To  determine 
coefficients  of  the  model,  only  a  few  GCPs 
are  needed  per  strip  of  ten  scenes  (Friedmann 
et  al.,  1983),  yielding  an  error  of  about 
half  a  pixel  (40  m  for  Landsat  HSS  data), 
corrected  for  GCP  error. 

The  use  of  GCPs  introduces  errors  due  to 
their  uncertain  location  on  the  map  and  in 
the  image.  In  the  context  of  DEM  derivation 
it  poses  another  difficulty.  In  off-nadir 
scenes  every  point  not  on  the  datum  surface 
appears  shifted  from  its  map  position  by  a 
distance  (parallax)  roughly  proportional  to 
the  point  elevation.  Unless  all  GCPs  are 
exactly  at  the  same  elevation,  the  polynomial 
or  parameter  fitting  stage  includes  some  of 
the  effects  of  the  parallax.  When  the 
general  trend  of  the  scene  topography  matches 
a  low  degree  polynomial,  most  of  the  parallax 
signal  can  be  removed,  and  the  resulting  DEM 
will  be  distorted.  To  avoid  such  loss  of 
information,  the  effects  of  GCP  elevation 
have  to  be  accounted  for  in  the  fitting 
algorithm,  or  compensated  before  using  GCPs 
in  the  fitting  stage. 

Finally,  in  applications  requiring  high 
absolute  accuracy  of  the  determined  elevation 
values,  the  problem  of  the  reference  surface 
is  becoming  important  (Kaufman  and  Haja, 
1988).  The  differences  between  different 
geoid  models  (e.g.  Clarke  1866  and  GRS80) 
can  approach  or  even  exceed  total  errors  of 
OEMs  derived  from  SPOT  images. 
Unfortunately,  a  solution  to  this  problem 
lies  outside  of  the  remote  sensing  community, 
as  it  requires  the  definition  of  an  accurate 
world  reference  geoid.  On  the  other  hand, 
due  to  irregularities  of  the  Earth’s  shape, 
some  applications  may  always  need  corrections 
for  local  departures  from  the  reference 
geoid. 


3.  ERRORS  IN  PARALLA.X  DETERMINATION 

There  are  many  methods  for  automatic  stereo 
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They  can  be  divided  into  two  broad  classes; 
area  based  matchers  and  feature  matchers. 
The  area  matchers  seem  to  perform  best  in  the 
natural  terrain,  while  the  feature  detection 
matchers  appear  to  be  well  suited  to  urban 
and  agricultural  scenes,  with  abundant  edges. 


In  laboratory  conditions  and  with  known 
object  shape,  El-Hakim  (1989)  was  able  to 
achieve  location  accuracy  of  0.05  pixel  in  X 
and  Y,  and  depth  accuracy  of  0.07  pixel.  In 
a  similar  project,  but  using  synthetic 
crosses  overlain  on  digital  aerial  images, 
Mikhail  et  al.  (1984)  achieved  the  location 
accuracy  of  0.03  -  0.05  pixels  in  X  and  Y. 

For  satellite  images  the  accuracy  is  ac 
least  an  order  of  magnitude  poorer.  For  a 
simulated  pair  of  pseudo-stereo  Landsat 
images,  free  of  geometric  and  radiometric 
distortions,  Paine  (1986)  achieved  an 
accuracy  of  about  0.4  pixel;  additional 
postprocessing  improved  the  accuracy  to 
about  0.2  pixel,  which  probably  establishes 
a  theoretical  limit  for  satellite  images.  In 
tests  involving  simulated  SPOT  images,  for  a 
realistic  case  allowing  geometric  and 
radiometric  differences,  Rosenholm  (1986) 
achieved  the  accuracy  of  about  0.35  pixel  in 
parallax  measurements.  The  accuracy  was  two 
to  three  times  poorer  in  areas  of  "bad 
structure"  or  with  large  time  difference 
between  images.  This  is  confirmed  by 
results  of  Cooper  et  al.  (1987):  for 
simulated  SPOT  data  the  feature  detection 
algorithm,  with  postprocessing,  gave  an 
error  of  about  0.7  pixel,  while  for  real  TM 
scenes  the  error  was  about  two  pixels.  The 
errors  are  usually  measured  by  RMS 
differences  between  derived  and  dense 
reference  DEM;  in  many  cases  the  accuracy  of 
the  reference  DEM  is  comparable  to  or  even 
lower  than  the  accuracy  of  the  automatically 
derived  DEM.  This  shows  the  necessity  of 
evaluation  of  the  automatic  DEM  derivation 
systems  against  accurate,  photograitwietric 
quality  dense  DEMs. 

The  errors  of  interpolation  between  matched 
points  and  a  regular  grid  are  most  important 
for  feature  based  matchers,  which  typically 
match  less  than  5%  of  points.  Unfortunately, 
it  is  difficult  to  separate  the 
interpolation  errors  from  other  types  of 
errors,  although  they  can  be  noticed 
visually  (Cooper  et  al.,  1987). 


4.  GROSS  DEM  ERRORS 

Automatic  DEM  derivation  methods 

occasionally  produce  gross  errors,  or 
blunders,  resulting  from  matching  the  wrong 
features  or  ar^‘as  of  the  two  images.  The 
mismatches  can  result  from  a  variety  of 
conditions,  including  sensor  noise,  low 
scene  variance  in  portions  of  the  images, 
particularly  over  water  bodies,  temporal 
changes  in  the  scenes  imaged  at  different 
times,  severe  relief-induced  distortions 
between  the  images,  and  the  presence  of 
ambiguities  such  as  occluded  areas,  clouds, 
or  psttorns.  It  is 

difficult  for  a  m.atching  algorithm  to  handle 
all  of  these  situations  without  error,  and 
therefore  means  have  to  be  developed  to 
correct  gross  DEM  errors.  Most  of  the 
emerging  production  DEM  derivation  systems 
operate  in  an  iterative  mode  with  increasing 
resolution  in  each  step.  To  prevent  the 
propagation  of  blunders  from  coarse  to  fine 
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Figure  ia.  +27  degree  view  of  a  12.8  by  12.8 
km  SPOT  PLA  scene  of  Meach  Lake 


Figure  lb.  +7  degree  view  of  the  Meach  Lake 
scene 


Figure  2.  Automatically  derived  DEM  with 
blunders 

resolution,  DEM  verification  and  correction 
has  to  be  embedded  into  every  step  of  the 
processing  algorithm. 

There  are  many  possible  approaches  to  the 
ai'toraatic  detection  and  removal  of  blunders. 
Ti.ay  range  from  a  simple  thresholding  of 
differences  between  a  point  and  its 
surroundings,  to  complex  statistical 
treatment  (Bethel,  1983).  All  published 
approaches  try  to  detect  blunders  by 
comparing  the  elevation  value  at  a  point 
with  its  neighbouring  values  and  deciding 
whether  the  determined  value  is  probable. 
This  works  in  many  cases,  but  due  to  the 
great  variety  of  landforms  on  the  Earth's 
surface  there  are  always  real,  but  improbable 
features.  An  algorithm  can  be  fine  tuned  to 
accept  these  features,  cut  tnis  usually  means 
accepting  a  number  of  blunders;  a  restrictive 
approach  reduces  the  number  of  blunders,  but 
at  a  cost  of  removing  some  of  the  real 
terrain  features  (e.g.  Hannah,  1981). 
Therefore  another  approach  is  needed, 
detecting  blunders  by  using  some  physical 
criteria  of  their  improbability. 


Figure  3 .  DEM  with  most  of  the  blunders 
automatically  removed 

Our  DEM  derivation  system  uses  an  area  based 
correlator  in  an  iterative  scheme, 
proceeding  from  the  coarsest  to  the  finest 
resolution.  After  each  iteration  the  image 
of  determined  disparities  is  screened  for 
its  consistency  with  the  viewing  geometry 
under  the  relaxation  of  the  epipolarity 
constraint.  This  detects  and  removes  most  of 
the  blunders;  the  resulting  disparity  image 
is  further  thresholded  to  remove  almost  all 
remaining  blunders. 

Figure  1  shows  two  SPOT  PLA  histogram 
stretched  images  of  a  1024*1024  scene  of 
Meach  Lake  (left  of  centre)  just  north  of 
Ottawa.  The  left  image  is  a  +27  degree 
view,  showing  clouds  in  both  upper  corners 
and  some  features  on  the  water  surfaces.  The 
right  image  is  a  +7  degree  view.  Figure  2 
shows  a  DEM  derived  in  three  iterations 
using  only  the  threshold  screening  for 
blunders  and  heavy  filtering.  The  blunders 
can  be  seen  as  bright  and  dark  spots, 
concentrated  under  the  clouds  and  on  lake 
shores.  The  large.st  blunder,  a  depression 
of  49  meters,  occurs  in  the  low,  flat  area 
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in  the  lower  left  corner  of  the  scene.  The 
RMS  difference  between  our  DEM  and  the 
elevations  of  125  GCPs  from  the  1:50,000  map 
of  the  area  was  9.05  m.  The  inadequacy  of 
using  a  limited  number  of  GCPs  for  the 
evaluation  of  a  deblundering  approach  is 
recognized,  but  we  are  still  in  the  process 
of  gaining  access  to  a  high  quality,  dense 
DEM  of  the  test  area. 

Figure  3  shows  a  DEM  derived  using  our 
deblundering  algorithm.  Most  of  the  blunders 
are  removed,  although  the  largest  one  still 
remains,  but  with  error  reduced  to  -28  m.  The 
RMS  difference  is  lowered  to  8.83  m,  mostly 
due  to  the  lighter  filtering.  The  smaller 
filter  allowed  us  to  reduce  the  unprocessed 
frame  surrounding  the  DEM,  which  in  turn 
introduced  a  new  blunder  on  the  right  side 
(caused  by  the  river  surface  patterns  seen 
only  in  the  left  image). 


5.  DISCUSSION 

The  results  of  this  test,  confirmed  by 
similar  results  for  several  other  scenes, 
show  that  our  algorithm  is  effective  in 
removing  iiost  of  the  blunders.  The  remaining 
ones  sur’.  xve  only  because  they  happen  to  pass 
the  '•ejection  criteria.  This  demonstrates 
that  in  dealing  with  real  data  one  has  to 
accept  some  errors:  there  are  no  approaches 
capable  of  removing  automatically  all  gro.ss 
errors  without  distorting  the  remaining  good 
results.  Therefore,  in  our  opinion,  any 
automatic  system  has  to  provide  the 
capability  of  human  verification  and 
intervention;  a  good  system  should  minimize 
the  number  of  gross  errors,  and  offer  strong 
support  in  performi.ng  manual  verification  and 
correction. 

The  derivation  of  a  DEM  has  to  be  follov;ed  by 
its  editing.  The  obviously  required  step  is 
lalte  editing,  to  assign  constant  elevation  to 
each  lake;  this  was  not  applied  here  to 
demonstrate  the  raw  blunders.  The  other 
possibility  would  be  to  mask  out  lakes  and 
cloudy  areas  before  image  matching.  Another 
more  difficult  step  involves  river  editing, 
to  ensure  their  flow  downstream  in  the  DEM. 
Also,  for  some  applications,  a  forest  editing 
step  might  be  needed  to  correct  elevation 
values  for  tree  height.  This  would  involve 
classification  of  multispectral  images  and 
acquisition  of  average  tree  height  data. 

To  conclude,  current  systems  for  automatic 
derivation  of  DEMs  from  satellite  imagery  are 
capable  of  producing  models  with  an  absolute 
accuracy  of  just  below  one  pixel  and  relative 
(internal)  consistency  better  than  half  a 
pixel  in  all  three  spatial  coordinates.  It 
is  now  possible  to  remove  automatically  most 
of  tne  gross  DEM  errors ,  but  human 
verification  and  correction  of  the  final 
product  is  still  required.  Finally,  to 
produce  the  highest  quality  DEMs,  techniques 
for  lake,  river  and  forest  editing  must  be 
implemented  in  production  systems. 
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ABSTRACT 

Due  to  its  high  geometric  precision  and 
off  -  nadir  looking  characteristics,  SPOT 
satellite  imagery  has  a  very  high  poten¬ 
tial  in  three  dimensional  mapping.  The 
first  step  in  stereo  mapping  is  to  deter¬ 
mine  the  exterior  orientation  parameters 
for  sensors.  For  SPOT  imagery,  polynomials 
are  often  used  to  describe  the  relation¬ 
ship  between  samoling  time  and  orientation 
parameters.  While  the  valuable  on-board 
orbital  and  attitude  data  arc  seldom  used. 
This  paper  is  to  use  on-board  data  and 
least  squares  prediction  technique  to  make 
the  orientation  determination  in  bundle 
adjustment  more  reasonable.  The  main 
purpose  of  this  study  is  to  minimize  the 
influence  of  the  number  of  ground  control 
points  to  positioning  accuracy.  Accuracy 
analysis  is  included  and  the  relationship 
between  accuracy  and  the  number  of  ground 
control  points  is  also  investigated. 


1. INTRODUCTION 

Since  the  launch  of  SPOT  1  in  Feb.  1986, 
hundreds  of  thousands  images  have  been  co¬ 
llected  for  various  applications.  World- 
wild  research  efforts  have  been  concentra¬ 
ted  on  extracting  3-D  topographic  informa¬ 
tion,  DTM  for  instance,  from  SPOT  data  due 
to  its  high  resolution  and  off-nadir 
looking  characteristics. 

There  are  two  approaches  to  use  SPOT  data 
in  stereo  mapping.  The  first  is  to  use 
digital  data  to  determine  the  orientation 
parameters  for  sensors,  to  generate  DTMs 
and  ortho  images, and  to  extract  the  ground 
features.  The  second  approach  is  to  use 
analytical  plotters  and  analogue  films. 
The  application  softwares  currently  in  use 
on  analytical  plotters  need  to  be  modified 
to  fit  the  SPOT  satellite  sampling  geo¬ 
metry.  After  the  modification  ,the  opera¬ 
ting  procedures  can  follow  the  way  as  for 
central  perspective  imaging  data.  The 
major  difference  between  digital  approach 
and  using  analytical  plotters  is  that  the 


different  data  type  being  used.  The  pro¬ 
cess  is  thus  different.  The  first  step  in 
steieo  mapping  using  SPOT  data  is  to 
determine  the  exterior  orientation  pa¬ 
rameters  for  sensors  at  different  time.  In 
our  previous  study  [1,2],  we  use  bundle 
adjustment  in  the  orientation  modelling, in 
which  third  order  polynomials  are  employ¬ 
ed  to  characterize  the  orbital  data  and 
attitude  as  function  of  time.  The  RMS 
errors  for  check  points  were  7. 4m, 5.0m, and 
6.9m  for  X,y,Z  coordinates  respectively 
when  28  GCPs  were  used.  In  order  to  mini¬ 
mize  the  influence  of  the  number  of  con- 
crol  points  to  positioning  accuracy,  we 
are  now  introducing  the  on-board  attitude 
data  in  the  solution.  Position  -  velocity 
and  attitude  rate  are  included  in  CCT  for 
a  SPOT  image.  Where  nine  sets  of  orbital 
data  are  available  with  one  minute  inter¬ 
val.  The  scene  center  sampling  time  is  be¬ 
tween  set  4  and  5.  Seventy  two  angular 
velocity  sets  for  roll,  pitch  and  yaw  are 
recorded  at  82  scanned  line  interval  for 
panchromatic  band.  If  those  on-board  data 
can  be  used  properly,  it  might  improve  the 
accuracy  in  determining  orientation  para¬ 
meters.  That  would  reduce  the  parameters 
in  the  functional  model  and  the  fewer 
number  of  GCPs  can  be  expected  to  yield  a 
higher  accuracy.  [3] 

This  paper  is  to  use  lower  order  polynomi¬ 
als,  first  and  second  order,  incorporating 
on-board  data  in  the  CCT  and  linear  least 
squares  prediction  technique  to  predict 
the  attitude  variation.  Then  introduce 
those  predicted  values  in  the  bundle 
adjustment  ns  constraints. 

2.  MATHEMATICAL  MODEL 

2.1  Modified  Collinearity  Equations 

In  a  SPOT  panchromatic  scene,  we  have  6000 
lines.  Due  to  its  pushbroom  scanning  char¬ 
acteristics,  image  projection  in  sample 
direction  it  erspective  and  is  approxi¬ 
mately  paraj..  1  in  flight  direction. 
Therefore  the  modified  collinearity  equa¬ 
tions  are 
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mll-iii33  are  elements  of  rotation  mat 
Sy  :  scaling  factor 

2 . 2  Observation  Equations  for  On-Board  Data 

(1)  Position-Velocity  Equations 

We  have  9  consecutive  orbital  data  at  1 
minute  interval,  therefore  the  sampling 
area  is  located  between  no. 4  and  5. 


2.3  Linear  Least  Squares  Prediction  [4,5] 
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where 

Hint  :  interpolated  value. 

c  ;  Covariance  matrix  between  refer¬ 
ence  pts.  and  interpolated  pts. 

C  :  Covariance  matrix  between  refer¬ 
ence  points. 

H  :  reference  value  (the  difference 
of  recording  value  and  trend) 

The  covariance  function  can  assume  to  be 
Gaussian  ! 


The  position-velocity  data  can  not  strong¬ 
ly  constrain  a  single  scene  because  the 
sampling  time  for  a  scene  is  about  9  se¬ 
conds  while  the  recording  interval  is  one 
minute.  However,  it  still  can  be  used  as 
initial  values  and  as  weighted  observa¬ 
tions  in  the  adjustment. 

The  observation  equations  are  : 

>rl(l)  =  .Xo  +  X,-ti 
Y',(t)  =  Yo  + Y.-ti 
Zi(l)  =  Zo  +  Zi  ■  ti 

(2)  Attitude  Bate  Equations 

The  data  describe  the  attitude  change  for 
a  scene  at  82  lines  interval  as  show  in 
Fig.l.  The  data  are  more  valuable  than 
position-velocity  data  in  positioning, 
because  it  covers  the  whole  scene  and 
affluent  data, 72  sets, are  included  and  the 
.'■■'.  'SC  important  is  that  the  variation  is 
pretty  systematic  rather  than  random. 


W  =  Crexp(-C2-d') 

wher'- 

W  :  Weight. 

cl  :  filtering  parameter. 
c2  :  curve  parameter, 
d  :  distance  between  points. 

When  cl=l,  filtering  for  reference 
value  is  performed. 

3.  CASE  STUDY 

The  stereopair  used  in  the  study  is  loca¬ 
ted  in  central  Taiwan  with  base-height  ra¬ 
tio  0.57.  The  other  related  descriptions 
arc  shown  in  table  1. 


Sc  •>no 
It) 

Sampling 

Bate 

Sensor 

Incidence 

Scene 

Center 

SPC0n9 

1987,01,15 

HRV2 

L  10.4 

1(0242958 

E1204303 

.SPC050 

1987,01,16 

IIRVl 

R  24.1 

H02429S0 

E1205040 

Table  1.  General  Descriptions  for  SPC049 
and  SPC050. 


x 

'  1  M  tn  yii  tr,  *K  i.c 

vsc’  II-.’ 


Figure  i  The  Sample  of  Attitude  Rate  Data. 


Fifty  uniformly  distributed  and  easily  re¬ 
cognized  points  in  the  stereomodel  were 
selected  as  control  points  or  check  points. 
The  configuration  for  28  control  points 
and  22  check  points  is  shown  in  Fig. 2. 

The  ground  coordinates  for  control  and 
check  points  were  digitized  from  i/5,000 
scale  photo  base  map  sheets  with  a  Calcomp 
6000  digitizer. 

For  image  points,  we  directly  read  the 
line/sample  number  of  the  left  image  on  a 
image  processing  system,  IDIMS,  as  image 
coordinates  then  used  least  squares  match- 


452 


t  ,  - 

:oo 

200  300 

400 

Sw'Q 

xia* 

i 

2 

a  ^ 

3 

7 

b 

3 

6 

IS 

S 

i 

=  fs  20 

3 

a 

C6 

23 

3  /PI 

m 

0 

a 

33 

34 

C 

31 

S 

36 

3 

Q 

42 

C3  2 

4S 

44 

200 


300 

Sfl.“Pl.£  XIO' 


Figvire  2  Configuration  for  28  Control 
Points  and  28  Check  Points . 


ing  technigue  to  determine  the  position 
for  the  conjugate  points  in  the  right 
image  to  sub-pixel  level. 

Before  entering  the  bundle  adjustment,  we 
used  least  squares  prediction  according  to 
the  on-board  data  to  interpolate  the  atti¬ 
tude  data  for  points  of  interest.  Then  a 
bundle  adjustment  with  additional  para¬ 
meters  for  SPOT  data  was  developed  and 
executed.  We  examine  the  difference  be¬ 
tween  the  difference  using  on-board  data 
or  no.  We  also  compare  the  performances 
for  the  first  order  and  the  second  order 
polynomials  in  the  functional  model  for 
attitude.  Fig. 3  shows  the  RMSE  of  check 
points  for  first  order  attitude  model.  Fig. 
4  shows  the  RMSE  of  check  points  for 
second  order  model.  The  performances  of 
using  on-board  or  no  are  represented  res¬ 


pectively  by  (a)  and  (b)  in  both  figures. 


4.  CONCLUSION 

(1) .  This  study  is  aimed  to  reduce  the  nu¬ 
mber  of  GCPs  and  the  results  indicate  that 
auxiliary  use  of  on-board  data  are  indeed 
helpful.  For  lower  order  attitude  func¬ 
tional  models  and  small  number  of  GCPs, 
least  squares  interpolation  for  on-board 
data  can  improve  the  positioning  accuracy. 
It  is  very  significant  in  the  first  order 
case.  For  the  second  order  functional  mo¬ 
del,  the  accuracy  improvement  is  obvious 
but  less  than  that  of  the  first  order. 
This  is  because  that  even  without  using 
on-board  data,  more  parameters  are  intro¬ 
duced  in  the  second  order  attitude  func¬ 
tion  to  compensate  the  systematic  errors 
to  yield  better  accuracy. 

(2) .  Accuracy  improvement  by  use  of  sate¬ 
llite  data  tends  to  increase  when  smaller 
number  of  GCPs  are  used.  The  optimal  num¬ 
ber  of  GCPs  still  needs  further  investi¬ 
gations  to  determine,  because  the  number 
of  control  points  should  be  considered 
with  its  distribution. 

(3)  .  The  registration  errors  between  photo 
base  map  and  SPOT  steraomodel  are  intro¬ 
duced  for  control  and  check  points  in  this 
study.  This  half  -  pixel  expected  error 
could  cause  the  accuracy  potential  under¬ 
estimated.  We  have  an  ongoing  project  to 
investigate  this. 
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ABSTRACT 

The  stale  of  a  study  iitvesltgaiing  slope  and  aspect  effects  on  the  back- 
scatter  values  in  geocoded  SAR  images  is  given. 

In  order  to  acltieve  detailed  results  a  precise  reconstruction  of  the  imag¬ 
ing  geometry  is  required.  This  requirement  is  met  by  tiie  application  of 
image  specific  Doppler  shift  functions  and  orbit  poiynomials  for  eacli 
pixei  of  the  digital  elevation  model.  The  geometric  modei  for  this  recon¬ 
struction  of  tile  imaging  geometry  is  given. 

Detailed  incidence  angle  calculations  are  possible  and  the  results  are 
shown  by  presenting  two  incidence  angle  maps  Tliese  maps  represent 
two  components  of  the  incidence  anglesi  (I)  the  total  incidence  angles 
lying  on  solid  angles,  (2)  tlie  analy.sis  of  the  differentiation  of  the  inci¬ 
dence  angle  in  look  direction.  Some  early  results  of  the  investigation  of 
incidence  angle  efiects  on  various  landuse  classes  are  used  to  demon¬ 
strate  tite  problems  and  possibilities  of  finding  empirical  backscattering 
functions  depending  on  incidence  angles. 

Keywords:  SAR  Imaging  Geometry,  Incidence  Angle  Calculations, 
Slope-ZAspect  Variations 


/.  INTRODUCTION 

The  investigation  of  relief  effects  on  backscatter  values  in  radar  images  is 
a  major  subject  of  research  recently  being  conducted  in  the  analyttis  of 
spaceborne  SAR  imagery.  Relief  effects  like  slope  and  aspect  variations 
together  witli  the  radar  look  angle  (off-nadir)  cause  variations  in  back- 
scatter  values  for  different  landuse  categories  by  influencing  the  local  in¬ 
cidence  angles  of  the  radar  beams.  Various  approaches  have  been  at¬ 
tempted  to  describe  tlie  relationships  between  these  main  parameters  of 
this  problem  (see  references). 

In  this  paper  the  stale  of  a  study  is  presented  that  is  aimed  to  investigate 
slope  and  aspect  effects  on  spaceborne  SAR  imagery  using  as  an  example 
a  Setisai  image  of  the  area  of  Bonn.  FRO.  As  a  prestep  to  a  detailed 
analysis  of  incidence  angle  and  aspect  variations  on  backscatter  values  a 
precise  reconsiruct'On  of  tlie  imaging  geometry  is  attempted.  This  recon¬ 
struction  leads  to  the  compulation  of  two  incidence  angle  maps  along  witli 
several  additional  geometrical  informations  (i.e.  slope  and  aspect  pa¬ 
rameters).  The  emphasis  of  this  paper  lies  on  the  description  of  the  pi.xel 
by  pixel  algoriilims  used  for  iliese  computations. 

2.  GEOMETRIC  MODEL 

The  use  ul  .i  digital  elevation  model  (DEM)  with  the  same  grid  sUe  as  the 
geocoded  image  is  of  basic  importance  for  the  precise  reconstruction  of 
tile  imaging  geometry. 

The  geomeiiiv.  model  for  the  compulation  of  local  Incidence  angles  can 
be  split  into  the  following  three  steps  (see  Fig.  I): 


DEM 


DEM-Coordinaie 

Transfoimalion 


Incidence  Angle/ 
Slope/Aspeci  Maps 


-  figure  1  - 


1)  Transformation  of  liie  coordinates  ot  tlie  UbM  into  earth  ceiiiered 
carthesic  coordinates  in  regard  to  tlie  surface  height  (DEM-values): 

2)  Location  of  the  corresponding  sensor  points  in  oibil  for  each  earth 
.surlace  point  (pixel  in  tlie  DE.M)  using  orbit  polynoinnls  and  an  iterative 
method; 

3)  Calculation  of  two  local  incidence  angle  maps  and  geometrical  pa¬ 
rameters  vi.i  vector  geometry  regarding  surface  norm.il  and  the  aaimulh 
of  the  look  direction. 


455 


Within  this  ch.ipter  steps  and  3)  \viil  be  discussed  in  mure  detail.  The 
iransformaiion  of  geodetic  or  geographic  coordinates  of  the  DEM  into 
carihesic  coordinates  is  done  using  geodetic  transformation  formulas 
(CiroUmann.  1976) 


2.1.  Earth  to  Orbit  Point  Location 

For  eacli  eanh  surface  poml  represenleti  by  a  3-climeiisional  \eclor  in 
tile  earlli  centered  carthesic  coordinate  system  tile  corresponding  sensor 
point  in  orbit  is  calculated  Inputs  into  the  iterative  calculation  ol  the 
orbit  points  are  ; 

I)  the  sector  of  the  earth  surface  point  p  given  ns  a  function  of  the 
reference  ellipsoid  parameters  (N.e),  latitude  (b),  longitude  (I)  and 
height  above  the  ellipsoid  (h)  ; 


l>  = 


l"- 

p 

(  N-Hi) 

•  cos  b 

'  COS  1 

'  p 

= 

(  N+h) 

•  cos  b  ' 

'  sin  1 

^ 

_^(l-e^) 

•  N+h) 

*  sin  b 

(Torge,  1975): 


21  t'le  teluciiv  tecloi  of  tli  artli  surface  point  p  given  as  a  function  of 
the  angular  speed  tue)  ■ 


(Reck,  1988); 


3)  the  vector  of  the  sensor  point  in  orbit  s  given  as  a  function  of  time 
(i.e.  arimulh,  i),  along  with  a  starting  value  io  ; 


X 

s 

ay+a,-  1  +aj-  i 

>'  s 

= 

by+b|*  1  +bj"  i^ 

/ 

_ 

^c„+  c,  .  i  +  Cj  .  1^^ 

Second  degree  polynomials  calculated  out  of  the  range  line  ancillary  re¬ 
cords  ol  the  slant  range  data  proved  to  be  ol  reasonable  accuracy  (Cratib- 
ner  et.al.,  1988). 

The  basic  assumption  of  the  iteration  is  that  for  a  given  ground  point  the 
correct  orbit  point  s.itislies  the  SAR  Doppler  equation.  This  means  the 
root  of  a  real  function  must  be  found.  As  the  derivative  of  the  SAR  Dop¬ 
pler  equation  is  known  analytically,  the  Newton  iteration  algorithm  c.an 
be  used  for  the  iteration 

T|iH=  T  „+  DT 
DT  =  -F  (T)  /  (  dF  (T)  /  dT  ) 

uh«*r*>  P  IV  Drmnlpr  pniinlirm  oivpn  hv 

o  « 

X  '  FD  ■  R/2  +  (p-s)  '  (p-S)  =  0 


as  ,1  function  of  liie  wavelength  tx).  the  Doppler  reference  function  (FDy 
and  the  range  equation  (R):  DT  is  the  iterated  time-step  and  Tiarc  the 
time-dependent  points  in  orbii  for  specific  ground  points  (Reck,  1988). 


During  the  Iteration  the  following  values  have  to  be  calculated. 

-  sensor  point  vector  in  orbit  (  s  ). 

-  velocity  vector  of  the  sensor  in  orbit  ( s  ), 

-  the  range  equation  (R), 

-  the  Doppler  shift  dislrihution  (FD), 

-  the  Doppler  frequency  shift  (F), 

-  the  derivative  of  the  Doppler  function  (dF), 

-  the  azimuth  (resp  time)  step  (DT) 

Output  of  the  Iteration  are  the  a/.imuth  (resp.  time)  values  of  the  orbit 
reference  polynomials  for  each  earth  surface  point.  These  values  are  cal¬ 
culated  in  a  first  major  step  and  are  added  as  an  additional  layer  to  the 
height  values  of  the  digital  elevation  model. 

2.2.'  Incidence  Angle  Calculation 

Using  ihe.se  "enlarged"  DEM-data  along  with  the  coefficients  of  the  orbit 
reference  polynomials  as  input,  two  local  incidence  angles  plus  slope/as- 
peel  values  can  be  calculated  for  each  earth  surface  point  (i.e.  for  each 
DEM-pixel). 

The  incidence  angle  y,  is  the  angle  between  the  surface  normal  (  bj  )  and 
the  vector  in  look  direction  ("s^  -  "ir )  (see  Fig.  2).  A  specific  value  in 
the  resulting  incidence  angle  map  therefore  represents  all  incidence  an¬ 
gles  lying  on  a  solid  angle  with  thal  same  si/e  without  regard  ol  the  aspect 
of  the  corresponding  earth  surface  section. 


The  gradients  for  each  DEM  pixel  used  for  the  representation  of  the 
s.ir(ace  normal  n  =  (-p,  -q.  I)  are  calculated  by  formulas  given  by 
Horn  (1981)  Normally  on  environment  of  8  z-values  around  the  pixel  in 
question  is  used,  at  the  borders  of  the  DEM  more  simple  approaches  are 
applied. 
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The  inciOence  angle  y,  is  ilie  dern  alive  in  look  direction  of  ilie  incidence 
angle  y,  ,  i  e  the  angle  henteen  the  projection  of  the  surface  normal  into 
the  Doppler  plane  tNpl  and  the  teclui  in  look  diiectioii  j'T’  -  iT ) 
y,  c.iii  he  vieaed  as  llie  cciiiiponeiit  ol  y,  in  tiie  Doppler  pi, me  tRauste. 
iy,k,ki  The  geoinetrv  is  given  in  Figure  3  where  the  paper  plane  is  re 
garded  as  the  Doppler  plane 

Instead  of  computing  the  projection  Nr  of  the  surface  norm.al  into  the 
Doppler  plane,  y,  is  calculated  indirectly  through  the  difference  of  the 
slope  angle  in  look  direction  (<s|)  and  the  angle  8  between  the  vector  in 
look  direction  (  s  -  p  )  and  the  ellipsoid  normal  (EN)  at  the  given 
ground  point  The  slope  tn  look  direction  is  given  bv  Horn  (1981)  with 

si  =  p  "  cos  tv  +  q  •  sin  c» 

where  o  is  the  a/imulh  of  the  look  direction. 

The  ellipsoid  normal  EN  is  given  as  a  function  of  katiiude  (b)  and  longi 
Hide  (I)  bv  the  equation 


X 

EN 

cos  (b)  '  cos  (1) 

V 

EN 

= 

cos  (b)  '  sin  (1) 

sin  (b) 

(Torge,  1975) 


II  the  diflerence  8  -  -tsi  is  rero  or  negative  the  corresponding  pixel  in  the 
resulting  incidence  angle  map  is  masked  to  Indicate  an  area  of  direct 
layover 

Addition,illv  the  maximum  slope  and  its  exposition  to  the  radar  beam  are 
calculated. 

The  digital  elevation  model,  the  incidence  angle  values  and  the  slope  and 
aspeci  values  together  vviih  the  image  grey  values  of  the  geocoded  SAR- 
image  conlaining  lesi-siie  specifications  form  a  multilayer  d,ata  base  as 
input  for  further  statistical  analysis. 


-  figure  •)  - 


3.  RESULTS  AND  APPLICATIONS 

The  procedure  iniroduced  above  has  been  applied  to  the  data  of  a  Se,asat 
subimage  ol  tlie  area  ol  Bonn,  FRG  (see  Fig  4)  The  subimage  shows  the 
Rliine  valley  at  Bunn,  to  the  right  of  the  river  there  is  the  mountainous 
region  ul  the  Sieliengebirge.  to  tlie  left  ihe  plateau  of  the  V'ille. 

Tile  image  was  geocoded  at  the  University  of  Zurich,  Department  of  Ge- 
ograiihy,  using  a  digital  elevation  model  with  a  25m  grid  (Meier  el.al. 
1986).  The  same  DEM  was  used  to  compute  the  incidence  angle,  slope 
and  aspect  maps.  Greyvalue-coded  represeniaiions  of  the  incidence  an 
gles  Yi  and  y,  are  presented  in  the  Figures  5  and  6. 


-  figure  5  - 
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The  presenhuiuns  gnen  liere  nie  a  leproJutliun  uf  Lolnr-craJed  phnin 
graphic  producls  ol  ihe  incidence  angle  maps  Higli  angle  caluei  (up  ui 
ahnul  lh*°|  are  precenied  in  black  and  d.irk  grev*  incidence  angles  nf 
around  23”  (i.e.  (lal  areas)  in  grev  and  smaller  values  in  lighl  grey  lones 
The  areas  ol  direct  knocer  in  incidence  angle  map  2  |see  Fig  6)  are 
masked  b\  black  lalues  These  areas  appear  on  main  souih-wesi  e\ 
posed  slopes  due  lo  ihe  direction  o(  the  incident  Seasat  radar  beam 
At  first  sight  only  little  differences  are  visible  between  the  two  incidence 
angle  maps  These  differences  are  niainlv  siiuated  within  the  mountain 
Otis  regions  of  the  Siebengebirge 

The  use  of  the  incidence  angle  maps  lies  m  further  statistical  anabsis  ol 
the  behayiotir  of  image  grey  values  of  different  lest  sites  for  different 
incidence  angles  and  aspects  to  the  radar  beam  Oy  the  application  of 
imiiroved  algorithms  on  the  values  representing  incidence  angles  Vtthe 
possibility  tt)  compute  indirect  layover  areas  as  well  as  direct  and  indirect 
shadow  areas  is  given.  Such  algorithms  were  introduced  bv  Kropatsch 
el. al. (1988)  (or  example. 


In  an  eailier  stale  ol  this  work  incidence  angles  y,  were  plotted  against 
giey  values  of  the  geocoded  subimage.  Figure  7  shows  the  results  giving 
mean  grev  values  and  the  standard  deviations  lor  the  whole  subimage. 
thus  giving  only  the  general  behaviour. 

Toi  dillerent  le.si  sues  the  results  ol  the  plots  show  special  behaviour  for 
different  landuse  categories  (see  Fig.  8) 

To  obtain  more  detailed  results  on  Ihe  behavior  of  backscatter  values 
with  the  aim  of  describing  empirical  relations  for  S|)ecial  landuse  catego¬ 
ries  the  further  steps  will  be  a  refined  definition  of  lest  areas  in  regard  lo 
dillerent  landuse  categories  and  a  more  detailed  statistical  analysis  of  the 
relationship  Itelween  image  grey  values  and  incidence  angles  and  image 
grev  values  and  aspect  to  Ihe  radar  beam.  Results  ol  these  studies  will  be 
used  to  model  specific  empirical  backscatter  models  in  order  lo  correct 
geocoded  SAR  images  lor  relief  influences 
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(Jiiii  II  til  alive  Analy.sis  aiul  (llassiRcatioii 
ofSeaMAIK'  II  12  kllz  SKlt^scan  Sonar  Data. 


Tiio.mas  BECKEnT  Reed  iv 


fhumii  In/ititulc  of  Otophjf^tci,  //omo/ii/u,  Hawaii 

Digital  linage  processing  locliiii(]iic$  me  appliixl  tosidosenn  sonar  images  collected  with  the  12  kllz  SenMARC  11 
>ystcin  to  eirpct  total  rndioinelric  mnl  geometric  rectification.  Sulisequenl  hottonMip  legion  growings  followed  l>y 
iv.'ctnrc  and  finclal  diincnsiun  analysis  yiehU  feature  vectors  on  the  basis  of  which  regions  of  limited  image  hetero¬ 
geneity  can  he  class.ified  The  legion  growing  technique  allows  second  and  higher  order  statistics  to  be  evaluated 
over  features  with  irregular  boundaries,  without  incorporating  the  statistics  of  the  boundary  or  the  ncighboi's.  with 
a  region  resolution  on  the  order  of  twice  the  pi\el  length  (80in).  The  use  of  second  order  statistics  makes  the  tech¬ 
niques  insenstivc  to  absolute  intensity  level,  and  yields  rctalivo  mcaMircs  of  surface  roughness. 


I.  iN’rUODUCTlON 

.Side  'scan  sonars  lia\o  disclosed  the  location  and,  to  some  extent,  the 
morphology  of  sealloor  featuies  hut  have  provtdc<!  little  of  the  type  of 
(|iiantitaiive  inlormation  necessary  for  lithologic  idciitilicalion  This 
({uantitativc  imprecision,  in  contiast  to  the  successes  picsently  being  en¬ 
joyed  by  the  iciuMiial  remote  sensing  groups,  stemmed  clncllv  from 
tcchiiKal  hnidwaic  piobicms  icsulling  in  a  lack  of  sealloor  image  ridclity. 
Now.  however,  the  application  of  objective  digital  image  processing  tccli- 
ni(|iius  to  images  of  sufierior  <iuality  and  uniformity  makes  jKv^tblc  a  more 
quantitative  approach  in  the  analysis  and  interpretation  oi  synoptic 
*iealloor  imageiy. 

1.1  The  SeaMAIiC  If  Stjttcm 

SeaMAKC  11  combines  a  conventional  side  scan  sonar  w'ith  a  bathy¬ 
metric  mapping  system  in  a  single  unit  towed  at  depths  of  100  in  or  less 
at  ^pee(ls  up  to  10  knots  (5  m/s).  In  water  depths  greater  than  i  km,  the 
\vsiem  produces  10  km  wide  data  swaths,  permitting  100%  coverage  of 
over  8000  km  of  sealloor  pci  day.  A  complete  system  description  is 
gi\c'n  by  Blachutoii  cl  at.,  |1988]. 

Two  parallel,  iiuliiied  arrays  are  mounted  on  each  side  of  the 
SeaNtAl^C  II  towlisli.  'fhe  poit  arrays  operate  at  11  kHz  and  the  star- 
hoard  at  12  kll//  to  minimize  cross-talk.  By  assuming  a  nominally  Hat 
bottom,  and  calculating  the  rate  at  which  the  r  vgoing  pulse  will  have 
swept  the  bottom  for  cios.'^-track  distances  from  nadir  to  5  km  .ithwart- 
.ships,  the  icturning  signal  is  divided  into  102'l  unequal  intervals  of  time, 
each  repicseiiting  a  r).in-wide  sw'utli  of  the  seafloor.  Sampling  rates  are 
high  for  the  iic.u-iiadir  pixels  and  decrease  in  proportion  to  the  cosine  of 
tile  grazing  angle  If  the  seafloor  is  in  fact  flat  across-track,  then  this  i>r> 
cess  will  pioducc  .in  image  tliat  gcomelricnily  correct  in  horizontal 
lange,  hut  foi  lay  bending  effects.  CTo.'^-track  topographic  variations  will 
however,  icsuit  in  image  diMortioii.  Spccilics  of  thb  type  of  distortion, 
and  remedies  for  it,  arc  presciUed  in  section  2 

The  ScaMARC  II  bathymetric  information  is  acquired  through  the  same 
transducers  as  the  side  .scan  data  but  is  processed  with  dilfcrent  hardware 
and  software.  On  transmission  the  tiansducer  pairs  on  cacli  side  of  the 
towflsh  aie  driven  in  parallel.  On  leception,  each  row  in  the  pair  is  sam¬ 
pled  independently.  Therefore  any  signal  incident  upon  the  transducer  at 
any  angle  off  normal  to  the  transducer  face  is  detected  at  the  two  rows 
with  a  different  phase  lag,  from  which  the  depression  angle  0  of  the 
reflector  is  calculated.  By  measuring  the  round  trip  travel  time  and  as- 
Miming  a  sound  speed  of  1500  m/s,  the  slant  range  R  to  the  reflector  can 
l)e  calcul.iU'U.  these  values  ioi  /(  and  (/  ait  converted  to  across>track 
distance  and  dcptli  for  each  reflector  and  contoured  to  produce  a  bathy¬ 
metric  map.  Absolute  accuracy  of  2-3%  of  the  water  deptli  is  nominal; 
lelative  .accuracy  is  signific.antly  better. 

2  Biir-PiiocivSSiNc;  CoiiRKcrioNs  Apim.ied  TO 
Ska  MARC  II  Data 

A  side  scan  sonar  image  is  a  two-dimensional  di.si>Ia)  of  pixels,  each 
with  an  n.s$ociated  iiilciiHity,  which  allem[)t.s  to  moticl  .a  physical  realiza¬ 


tion  of  u  fonr-dimen>ianal  piocevs,  n.amely,  the  interaction  of  .sound  wilh 
the  se.jlloor.  The  dimensions  of  the  pioces.s  arc  the  Ihive  Cailesiaii  coordi¬ 
nates  of  .sp.Kc,  wliiih  give  the  ivosilion  and  orientation  of  any  iclleclor 
with  respect  to  the  .sonar,  and  the  fomlh  dl«e  nsion  of  acoustic  character 
(.icou'^tic  impedance  and  loughncss).  The  image  is  an  approximation  of 
the  bottom  with  various  sourics  of  erre.-s.  Prepiocessing  corrections 
.should  j>«>diicc  an  image  that  is  geometrically  and  ladiomelrically  concct. 
Being  geomcLricalJy  correct  implies  that  featuies  are  in  their  correct  locu¬ 
tions  and  rcprescukd  by  the  same  spati.al  distribution  of  picture  elemenis 
irivspective  of  the  slant  range  at  which  they  art*  imaged  Being  ra- 
diometiic.ally  correct  implies  that  all  contributions  not  indicative  of  actual 
changes  in  bottom  acoustic  char.actcr  have  been  removed.  Only  when 
these  two  criteria  aic  met  can  meaningful  subjective  or  quantitative  in- 
Iciprciations  be  conducted. 


Fig  1  .SraMAftC  11  deployment  «>nrtgurat»on.  Towfisli  dcplfi  w  !W>  in 


rHAte  lK.rr 


Fi;;  i.  'MAItCMI  ph'ij*' inr^ronifirie  tatliymKry  ^y4telll. 
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2.1  Itailiancc  Trnnuformatiouit:  llackgroiind  Siiblraclion 

'I'liHT  lailiuimliii  .iilirn(t«  aic  rommoa  to  nimiy  sidc.^uin  ijnngcs  (Fig- 
lao  31.  Till'  liiM  IS  the  iircgul.H'  b.Tiid  of  high  intensity  ph-cels  ncaicst  to 
Itie  ship's  ti.ick  (Se.iMAIlC  U  ploUs  strong  reflectors  as  dark  and  sliadows 
as  light,  so  tile  images  appears  as  negatives).  The  high  intensity  of  tliese 
pi\els  is  due  to  tlie  contribution  from  near  normal  incidenee  specular  and 
Mihholiom  lelurns,  which  will  only  occur  within  the  liist  few  f.egrces  from 
nadir.  'I'he  second  aitifact  consists  of  lines  of  high-intensity  pi\cls  eafallcl 
to  the  .shiji’s  tr.ick  which  represent  surface  reflections  of  the  first  liottoin 
echo,  'file  lines  ne.rrest  the  ship’s  track  are  peg-leg  (down  to  the  hotloni, 
u|>  to  the  siirf.ice,  and  h.ack  down  to  the  towRsli  again)  multiples.  Similar 
dark  linear  features  roughly  parallel  to  the  peg-legs  but  at  the  outside 
isigesof  the  image  me  the  first  Imttom  multiples. 


I  [g  .1  Sc.nM.iltC  It  si.Js  s<3n  imngc,  containing  three  tyres  of  errors'  (1)  high  aiiiriitiidc 
near  iia<iir  si'cciilir  returns.  ('JJ  peg-leg  and  first  bo*tom  multiples;  and  (3)  sarath  of 
anonnloiisly  low  intensity  pi'tels  on  slarloarl  side  due  -o  fauttv  beam  pattern. 

'file  lliitil  aturael  i.s  the  sw.itli  of  low-intensity  pixels  parallel  to  and  lo¬ 
cated  apinoxini.ttely  3  km  athwaitshiiis  of  the  ship’s  track  on  the  star- 
hoaid  side.  This  tinnuiulton  of  intensity  is  caused  by  an  irregularity  in 
the  heani  |).itiein,  which  the  angle  varying  gain  (AVG)  has  not  keen  able 
to  correct,  'fhe  .WO  is  tiesigned  to  correct  for  beam  pattern  irregularities 
and  the  variation  of  backscaller  intensit)  due  to  change  in  the  angle  of 
incidence  over  a  nniform  bottom.  However,  system  problems  or 
signilicanl  dilfeicncts  between  the  bottom  being  surveyed  and  the  bottom 
from  which  the  .'WCl  w.as  designed  ctm  result  in  severe  image  degradation. 

In  our  method,  a  |>iiranietei  set  is  calculated  for  both  port  and  star¬ 
board  sides,  cunsi.sting  of  .an  average  |n\el  intensity  (Figure  da)  for  strips 
of  the  images  representing  strips  of  the  bottom  which  would  be  subtended 
by  0.25'  bins  of  the  beam  alhwaitships.  'flicse  strips  parallel  the  track  of 
the  shipand  simn  the  range  of  angles  from  n.adir  to  the  least  depression 
angle.  'I'licsc  .averagts  should  be  taken  along  a  repiescntative  portion  of  a 
mosaic  so  that  variations  in  IV  due  to  local  geologic  variations  will  cancel. 
The  transformation  is  accoinphshwl  by  multiplying  every  pixel  in  the  im¬ 
age  located  at  angle  mcreineni  i  by  a  factor  Fj  where 

/",'=.iv/iv;  (1) 

and  IV  is  the  .average  intensity  value  of  the  entire  im.age  under  considera¬ 
tion  and  IV,  is  the  average  intensity  at  the  angle  i*.25'.  Comparison  of 
Figures  3  and  'lb  shows  the  result  of  tins  transformation.  The  minimiza¬ 
tion  of  the  three  artifacl.s  is  evident,  while  the  true  geologic  features  are 
minimally  affected.  We  refer  to  this  correction  as  "background  subtrac¬ 
tion"  as  it  is  largely  a  correction  based  upon  removal  of  the  average  image 
background. 

Oiii  method  .nsstiines  that  variations  m  pixel  intensity  due  to  geologic 
variability  will  he  randomly  distributed  relative  to  the  track  of  the  ship 
and  thus  add  destructively  in  the  average  as  long  as  the  data  set  is 
suinciently  large.  As  the  parameter  sets  arc  iiornializcd  by  the  overall 
auerage  of  tile  iiii.tge,  liiu  gain  of  the  filUr  ic  independent  of  the  geology 
or  original  gain  settings.  However,  spurious  features  related  to  the  operat¬ 
ing  system  occur  at  fairly  fixed  depression  angles,  adding  constructively  in 
the  along-tr.ack  summation,  anil  yielding  estimates  of  systematically 
induced  cross-tr,ack  errors.  Hence  the  specular  reflections  (constr.tincd  to 
near-nadir  positions),  the  |)eg-lcg  multiples  (constrained  to  a  cross-traci 
distance  proportional  to  twice  the  fish  depth),  the  surface  multiples  (con¬ 
strained  to  a  dcprissioii  angle  of  30'),  and  the  beam  pattern  variations 
(by  definition  a  function  of  angle  and  ray  path  bending)  will  all  contri¬ 
bute  significantly  to  the  avcr.age  cioss-tiack  profile. 


Fig  la.  I’lot  of  JivM.ige  pixel  intensity  verses  look  .angle  for,  the  stsrloiusl  half  of  tlieluin’ge 
shown  in  Kig.  '2.  Number  1  pixel  is  nearest  the  si.ip  Irnek.  Note  peaks  nt'  I  *>  I'd  mul'CO 
eurrespunding  to  the  specular  reliectlon,  peg-leg,  and  surfaee  multiples,  respectively,  and  the- 
trough  alioiil  12'  correspoii.ling  to  the  null  in  the  healn  pattern. 


Fig.  'll..  Image  as  shown  in  Figure  2  after  background  subtraction.  Note  removal  of  s|>ecu' 
hr  rellcctions,  surface  multiples,  and  shading  problems. 


tayover  refers  to  pixels  which  have  been  placetl  at  the  ineoricct  cross- 
track  distance.  Reflected  side  scan  data  from  e.ich  "ping"  (outgoing  pulse) 
are  acquired  sequentially  in  time,  i.e.,  linear  in  slant  range.  To  convert 
this  cross-trivck  "slant  range"  image  to  a  plan  perspective  without  a  priori 
knoxvlcdge  of  the  bottom  topography  requires  that  one  awime  tlm'tithe 
bottom  is  flat  across-lrack.  The  cross-track  positions  of  the  pixels  are 
estimated  from  knowledge  of  the  travel  time,  approximate  sounti  veiocily, 
and  nadir  depth.  Violation  of  this  flat  bottom  assumption,  .as  often  ball¬ 
pens,  will  result  in  topographic  features  being  incorrectly  positioned,  or 
"laid  over"  (Figure  6).  Because  of  this  flat  bottom  n.ssmnption,  reflections 
from  points  A  and  B  in  Figure  5,  representing  off-nadir  troughs  and 
peaks,  are  erroneously  rotated  along  arcs  of  rodii  ctpinl  to  their  slant 
ranges  to  iioints  A’  and  B’  on  the  reference  datum  and  consc<|Uently  are 
imaged  spuriously.  As  a  result,  the  intvard  sloping  faces  of  the  trough 
and  cliff  have  been  foreshortened,  and  their  boundaries  have  been  mis- 
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’l'lii<  (li'i)laoiiiu‘iit  IS  coiilrailiclory  lo  our  cNpcrii'iici-  rroiii  iihatoKiapliic 
aerial  imagery,  wherein  ihe  taller  objects  appear  to  lean  untwani,  away 
rioni  the  viewer,  rurtheiinore,  this  distortion  becomes  inoix'  signilicant 
closer  lo  nadir,  again  at  odds  with  our  eNpericnce  with  aeiial  imagery  in 
winch  Ihe  disloilioii  dccreivies  with  a  decrease  in  parable  view  angle. 
Finally,  in  mosaics  contamiiig  parallel  tracks  with  opposite  look  direc¬ 
tions.  similar  topogiaphic  features  scai  in  dilTeient  tracks  will  be  displ.accd 
III  opposite  directions,  resulting  in  diiriculties  in  eoregisiration,  not  to 
inention  any  (piantilativc  anal,vsis. 

Ihider  the  Hat  bottom  assniiiption,  side  scan  pixels  arc  placcti  at  a 
cioss-track  distance  X  equal  to  {SR‘+TA‘)'*  where  Sl{  is  the  slant  range 
(sound  velocity  *  ariival  tinie/2)  and  TA  is  the  towPish  altitude  (refcicncc 
datum  •  lisli  deiith).  While  the  crosa-track  position  may  be  wrong,  the 
slant-  lange  is  coirect.  Our  correction  of  tins  pixel  pasition  error  is  acconi- 
lilishnl  b.v  iiilerpolalmg  a  smoothed  batliyiiietric  profile  at  5  in  intervals, 
and  delerniining  the  side  scan  pixel  for  which  the  slant  range  e<|uals  that 
of  the  nearest  bathymetry  point  X,Z.  Tim  results  of  this  traiisfuriiiat ion 
ale  shown  in  Figures  0,  7,  and  8.  Note  how  the  axis  of  the  valley,  wliicb 
a|ipears  curved  in  the  raw  iin.age  (Fig.  6)  has  straightened  aftci  |iroccssing 
(Fig.  7)  lo  follow  the  actual  morphology,  as  given  by  the  bathymetry 
(Fig.  8).  An  obvious  benent  of  this  rectific.ation  is  that  features  arc 
correctly  placed  on  Ihe  image  for  inter|irelatiun  and  survey  taiqieling.  A 
iiioio  subtle  benefit  is  the  leinoval  from  the  image  of  spurious  cross-track 
compressions  and  rarefactions  due  to  topography  which  iiilglil  otherwise 
be  interproted  by  both  man  and  the  computer  algorithms  as  variations  in 
geologic  character.  Furthermore,  bottom  detect  errors,  caused  by  side 
swipe  detection  of  olf  nadir  bathymetry,  and  their  resulting  effects  on  the 
side  scan  image  can  be  explicitly  corrected  but  for  small  tones  of  ambi¬ 
guity  III  Ihe  placement  of  side  scan  pixels.  These  tones  of  ambiguity  occur 
when  imilli|ile  bathymetric  points  yield  identical  slant  ranges.  Our 
heuristic  solution  to  tins  problem  divides  the  amplitude  of  the  ambigu¬ 
ously  loc.ited  side  scan  pixel  by  the  lumiber  of  bathymetry  points  with 
that  slant  range  and  allocates  the  quotient  to  each  point. 

The  only  assumption  required  by  our  layover  correction  method  is  that 
the  side  scan  data  be  m  the  correct  sequence  atliwartsliips,  i.e.,  that  there 
be  no  lellectoi  at  a  cro»-tr.ack  distance  X  and  elevation  above  the  refer¬ 
ence  datum  Z  such  that  the  tiavci  time  associated  with  it  would  be  less 
than  that  foi  any  rellector  located  at  some  X<X  .  This  “correct 
sv(|uciice''  assuniplion  is  a  reasonable  assumption  for  most  geometries  and 
bottom  types,  considering  the  relatively  high  altitude  (height  above  bot- 
tom),  typically  gieater  than  20%  of  the  swath  vvidtn,  at  which  SeaNlAtlC 
If  is  deployed. 


Fig  a.  Uii|iroscssca  suit  scan  jiiisgc  correcteil  for  slant  range  according  to  the  "flat  bottom" 


Fig.  8.  .SrnMAItC  II  b-vthyinetry  for  the  image  shown  in  Figure  0. 


3.  Fibvix'iii;  ICx-m.vcnoN 

3.1  The  Feature  Vector 

The  chief  purposes  of  remote  sensing  imagery  nro  detection  and  discrim¬ 
ination.  Although  human  observet's  are  clearly  capable  of  interpreting 
such  imagery,  the  results  arc  subjective,  not  necessarily  repeatable,  and 
often  more  indicative  of  the  interpietcr  tliati  the  object.  Statistical 
analysis  of  image  texture  provides  an  objective  and  rcpcatalilc  means  of 
identifying,  distiiiguisliing,  and  labeling  surface  types. 

3.2  Texture 

Texture  is  an  innate  property  of  all  objicts,  which  charocteriges  the 
closely  interwoven  relief  of  Ihe  surface  Texture  is  strongly  stationary 
and  independent  of  illumination.  In  this  paper,  we  utilise  the  gray  level 
co-occi..rence  matrix  (CLCM)  method  of  texture  analysis  [Ilaraliet  el  itl., 
1973]. 

The  GLCM  method  letpiires  Ihe  cie.ition  of  a  sicoudary  matrix  from 
which  second-order  texture  statistics  are  estimated.  Specifically,  let 
F{x,!/)  rcpiesent  the  digital  image  over  a  lectangular  domain 
i7,=l,2,...A/,,  f,,=l,2,...A',,  qiianligcd  lo  A',  giay  levels.  Each  GLCM  is  a 
square  matrix  of  dimension  N,  whose  entries  S{ij;0j)  express  the 
number  of  times  there  occurs  in  the  image  a  pixel  of  intensity  i  neigh¬ 
bored  by  a  pixel  of  intensity  j  in  the  diivcliun  0,  at  distance  il  The  ele¬ 
ments  of  the  matrix  arc  normalized  by  the  total  number  of  possible 
entries  R  for  that  direction  and  lag. 

In  order  to  insure  that  the  lextuie  signatiiie  of  any  given  noiiisotropic 
texture  is  not  signiflcantly  altered  by  Ihe  angle  at  which  it  is  imaged, 
these  matrices  are  evaluated  foi  values  of  0  cxiiial  to  O',  45',  90',  and 
135'.  Symmetry  considerations  allow  neglecting  the  res|iective  .supplemen¬ 
tary  angles. 

3.3  GLCM  Feature} 

Haraliek  et  at.  (1973)  suggested  I  I  features  which  can  be  extracted  from 
the  GLCMs.  Four  of  these  statistics,  ASM,  CON,  ENT,  and  AIDM,  have 
been  shown  to  be  strong  cstimalors  of  wavelength  variations  and  to  be 
insensitive  to  variations  in  either  look  direction  or  gain  sellings  [Reetl, 
1987].  ISO,  a  feature  of  our  own  derivation,  shows  similar  characteristics 
as  the  above  four  features.  It  is  calculated  ns  the  sum  of  the  differences  of 
orthogonal  GLCMs,  and  is  a  measure  of  the  isotropy  of  the  image.  The 
means  and  ranges  for  these  statistics  are  evaluated  for  unit  lag  The 
resulting  set  of  statistics  foi  ms  a  feature  vector  which  describes  the  tex¬ 
ture  of  that  |»ition  of  the  image  ovei-  which  the  fealiiics  were  evaluated 
and  by  which  that  section  of  the  image  will  be  classified.  'I'o  evaluate  the 
texture  of  an  entire  image,  the  image  is  usually  divided  into  rectangular 
cells  referred  to  as  “texels."  To  optimize  the  potential  of  this  texture  rou¬ 
tine,  these  texels  should  contain  at  le.ast  NG~  pixels,  where  NO  is  the 
number  of  gray  levels  to  which  the  image  has  been  quantized  [Pratt,  1978] 
in  order  to  maximize  the  possibility  of  measuring  real  image  texture  varia¬ 
tions. 

3.4  Reiion  Growing  -  ReGATA 

'rile  tc.xel,  the  b.asic  unit  upon  which  the  analy.sis  is  based,  is  assumed 
to  contain  a  subset  of  the  image  tlata  vvhieh  posse.'v-cs  only  one  homogene¬ 
ous  texture.  The  probability  of  spatial  homogeneity  of  a  raiidoinl)  placed 
lecbangle  increases  .as  the  texel  size  decreases.  'I'he  texel  iheiefore  can  nci- 
llicr  be  shrunk  below  a  minimum  size  vvithoiil  compromising  the  textural 
analysis  nor  increased  drastically  without  eii"'mitering  an  uiiaceeptablc 
number  of  mixcls. 

Rather  than  divide  the  image  into  a  priori  bo.xes  which  may  or  may  not 
contain  homogeneous  patterns,  we  seek,  via  data-controllcd  decisions,  a 
subdivision  of  the  image  into  closed  regions  of  limited  spatial  hetero¬ 
geneity.  One  feature  vector  will  then  be  used  lo  reiircscrit  each  closetl 
region.  By  allowing  regions  to  grow  to  their  natural  botiiKlarics,  the  pix> 
bability  of  producing  ’’inixels"  is  strongly  rcducctl.  As  the  regions  will  in 
general  be  largcr-than  with  the  a  priori  texels,  classirieatioii  time  will  be 
reduced  concomitant  with  the  reduction  in  number  of  fctiturc  vectors. 

The  following  describe:  the  implement  a!  ion  of  Region  Growing  r.nd 
Texture  Analysis  (ReGA'TA)  a  bottoin-up  region-growing  routine. 
SeaMAIlC  II  data  arc  stored  in  records,  linc-intcrlcavcd-by-pixel.  'fwo 
records,  containing  two  pings  of  984  port  and  981  starboard  pixels,  arc 
"read  ill.”  The  data  for  port  and  starboard  arc  subdivided  into  cells  con¬ 
taining  two  lines  of  10  pixels  each,  'flic  mean  intensity  and  vari.ancc  arc 
calculated  for  each  of  these  32-pi.xcl  cells.  'I’wo  tests  arc  then  conducted. 
'The  first  determines  if  the  cell  is  reasonably  homogeneous,  in  order  to 
separate  the  cells  into  the  categories  of  "region”  and  "bbiindary."  'i'hose 
cells  which  do  not  pass  this  test  of  limited  heterogeneity  arc  assumed  lo 
span  two  regions  and  hence  are  labeled  as  boundary  ccib. 
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Tho  ."ccoiul  llu'  of  aiincxatioii  ainl  legion  «?mwing.  TIu* 

im*nn  and  Nanacc  of  llu’  coll  umlor  (ou^doi alien  coiuparod  lo  the  means 
and  vaiiancos  of  u'gion  coll>  iniim-ilialclj  adjaioiil  m  Iho  wot.  nortliwot, 
north.  .n»d  noithoa.st  directions.  Tho  logic  of  tlie  companion  that  if 
two  alls  aic  iu‘iglil)oi>  and  posses.''  similar  aver.age  \alm*.  the\  probably 
ropiosont  a  nniforin.  connected  stirfaio  in  the  obji'cl  plane  .and  hciice 
should  he  annevwl  and  Mmilarl>  clas.Mlied.  A.s  a  region  grows,  its  mean 
and  \aitance  are  rotompnted,  and  the  pixels  within  the  .annexed  cell  aug- 
inenl  the  four  CiLCM.s  .xs-'oeialed  with  the  legion.  Upon  closuie  textiiie 
vectors  are  c.alculatw!  for  all  region.s 

When  the  routine  teiininate.s  at  the  end  of  the  data  file,  all  rem.aining 
open  rc'gions  aie  closwl  hy  tlie  routine  and  analyzed  for  texture.  The 
lesiiitiiig  list  of  region-numbered,  featuix'  vectors  are  .submitted  to  an 
unsupei'Msed  cluster  aiial>Ms.  The  region  nutuhers  map  the  regions  to  the 
feature  \ectors  in  the  clusters,  and  all  pixels  in  all  regions  with  similar!) 
clustered  feature  vwtors  are  mapped  siinilaily 

Ji.f)  Application  of  UtGATA 

The  data  set  under  consideratioi.  is  of  a  subniarinc  lava  How  located 
200  km  N\\  of  \’ancou\er  Island,  near  the  Queen  Charlotte  trnnsronn 
fault  and  the  Tnzo  Wilson  Knolls  (Figure  fl).  The  dark  central  feature  is 
a  l.i\a  flow.  We  .assume  th.at  the  flow  is  continuous  and  homogeneous 
.acmss  the  ship’s  tiack  'I'he  symmetric  variation  in  average  reflectivity 
almut  the  ship’s  track  is  ascribed  to  a  system  AVG  ill-a<lapted  for  the 
scattering  behavior  of  the  lava  How  Adjacent  to  the  flow  is  a  100-in 
mound  in  the  lower  right  that  may  be  the  vent  source  of  the  flow.  An 
acoustic  .sha<low.  seen  here  as  a  palcli  of  low-intensity  pixeU,  occurs  on 
the  stwp  hack  side  of  the  volcanic  mound.  The  large  lava  flow 
appari'iitly  crosses  the  transform  fault  scarp,  which  is  downdroppcci  to  the 
upper  right  portion  of  the  image. 


Kig.  0.  ScaMAitC  II  S'J'-  sfin  v>nar  iniag*  of  a  la»A  flow,  locatH  200  km  NW  of  Van¬ 
couver  The  linear  feature  in  the  toi'  right  corner  U  the  Queen  Charlotte  trantform  fault 
acarp,  with  an  aasociatcJ  down  drop  of  aeveraj  hundred  ni.  Note  the  lOOm  Tent  from 
which  the  flow  majr  have  emanated  and  its  acoutie  shadow. 


Fig.’  10.  Thr«sr  dais  RcCATA  map  of  lava  flow  Imtfe  Figure- 13.  Blaiili' area 

lo  cillier  'boiindarjr  CflU'  or  region#  with  fewer  than  five  annexed  cell*.  See  text 

for  deiaiU. 


In  out  application  of  lit<tATA,  the  sitic  scan  image  of  the  Lava  flow 
(Figiiie  11)  was  re-(|uaiiliz«l  lo  01  gray  levcU  and  suhdivided  into  cells 
coitt.tiinng  112  pixels,  for  wiucli  tile  average  int^msities  and  elandartl  devi¬ 
ations  were  calculated.  A  nonpaiametric,  minimally  distant  means  rule 
w.is  Used  for  region  growing,  with  annexation  occurring  if  tlie  rt^ions 
dilTerud  in  llieir  means  by  three  levels  or  less.  All  closed  regions  couUdn- 
ing  five  or  more  cells  vveic  analyzed  tor  texture  and  hence  had  a.ssoeiat^ 
with  them  tlie  six-dimensional  feature  vector.  In  the  cluster  analyfis 
wliich  followed,  only  those  regions  containing  100  or  more  cells  cohtri- 
biiti'd  to  the  determination  of  the  class  centroids.  Tlrse  regions  coht^inr 
ing  fewer  than  100  cells  were  then  placed  into  the  class  from  which  their 
feature  vector  was  minimally  distant. 

SiibM'quciit  unsupcrvisi'd  classifleation  yields  a  thematic  map  (Figure 
100)  conUimng  tlircc  classes,  gray,  striped,  and  black,  corresiwnding  in 
the  image  to  egions  containing  the  lava  flow  and  two  classes  of  sediment, 
)c«pective)y.  The  black  area  appears  to  coirespond  to  the  less  reflective, 
pa^^ibly  smoother  scilini.  nl.  The  striped  areas  correspond  to  visually 
rougher  sediments  in  the  vicinity  of  the  i.ava  flow.  In  tlie  original  side 
scan  un.agc,  these  .sediments  appear  darker,  indicating  either  greaUT 
roughness  or  greater  acoustic  impedance.  Possibly,  the  sediments  near  the 
How  are  mixed  vvitli  deliris  from  the  neighboring  lava  flow  or  expressing 
the  roughness  of  some  thinly  buricri  previous  flow.  The  blank  mens 
corrt'&pond  to  cither  boundary  ceils  or  to  unnnnexed  regions  contmning 
less  than  five  cells.  Comparison  of  feature  values  for  these  three  classes 
with  those  tioni  analysis  of  synthetic  image's  of  known  wavelength  [RecH, 
}987j  subsUantiates  lliis  longhness  mapping. 

4.  CONCLUSIONS 

Application  of  the  above  techniques  to  a  variety  of  imagery  resulted  in 
both  .superior  images  for  subjective  and  computer-aided  interpretations. 
Although  tlie  of  marine  acoustic  data,  which  are  strongly  influenced 
by  the  low  s]>eed  of  sound  m  water  and  susceptability  to  ray  path  varia¬ 
tions,  is  inlicrently  more  dilTieult  than  processing  siibaerial  optical  or 
radar  images,  wo  are  confident  that  eventual  increased  quantification  of 
seafloor  data  will  permit  widespread  application  o!  various  airborne  and 
satellite  remote  .sensing  techniques  to  the  Imaging  and  mapping  of  the 
seafloor. 
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Dans  la  conception  initiale  du  programme  SPOT  aussi  bien  quc  dans  son  Evolution 
^  long  terme,  la  ligne  directrice  principale  cst  la  continuitd  du  service  rendu  aux 
utilisateurs.  Cette  priority  donn6e  it  la  continuity  n'exclut  pas  I'introduction  par 
dtapes  d'amdliorations  divewes  deslindes  &  mieux  servir  les  marchds  dtablis  ou  i 
rdpondre  ^  des  besoins  nouveaux.  C'est  ainsi  qu’au  del^  des  trois  premiers  satellites 
SPOT  1,  SPOT  2  et  SPOT  3,  essentiellement  identiques,  le  satellite  SPOT  4 
incorporera  de  nombreuses  amyiiorations  (dur^e  de  vie  accrue,  bande  spectrale 
dans  le  moyen  infra-rouge,  cordgistraticn  des  donnSes  multispectrales  &  20  m  de 
rdsolution  et  des  donnyes  monospectrales  a  10  m  de  rysolution).  Son  lancement  est 
prdvu  pour  1993-94  compte  tenu  du  ti^s  bon  fonctionnement  en  orbite  du  satellite 
SPOT  1 ,  que  I'on  cspire  voir  confirmy  pour  SPOT  2  et  SPOT  3. 

Au  deli  de  SPOT  4,  une  nouvelle  gyndration  de  satellites  d'observation  optique  i 
haute  rysolution  est  i  rytude,  comportant  un  instrument  capable  de  foumir  des 
couples  d'images  styrdoscopiqucs  le  long  de  I'orbite  (done  sypardes  de  seulement 
quelques  minutes)  avec  une  rysolution  au  sol  de  5  m.  Cette  ytude  est  rdalisye  dans  le 
cadred'unc  possible  coopy  ration  franco-amyricainepourcettenouvellegynyration 
de  satellites  de  tdiydytection  pour  la  deuxiime  partie  de  la  dycennie  90-2000. 
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ABSTRACT: 

Earth  Observation  Center (EOC/NASDA)  has  received  and  corrected 
SPOT  HRV  data  from  Oct.  1988.  This  paper  describes  the  early 
results  of  SPOT  HRV  evaluation  efforts  on  geometric  accuracy,  SN 
ratio,  and  MTF  characteristics.  Land  cover  classification 
accuracy  have  also  been  studied  in  the  application  field. 


1 . INTRODUCTION 

NASDA  has  received  SPOT  HRV  data  and  has 
produced  radiometric  and  geometric 
correction  products  since  Oct.  1988. 

The  purpose  of  this  study  is  to  evaluate 
SPOT  products  and  its  processing  systems  in 
order  to  Improve  quality  of  the  products  and 
performance  of  the  systems. 

This  paper  reports  some  early  analytical 
result.!  for  HRV  image  data  received  at  Earth 
Observation  Center  in  Japan. 

These  results  will  contri  to  the 

development  of  the  Japanese  next  _  .  .  ,..ation 
satellites  and  sensors. 

This  paper  consists  of  evaluation  of 
radiometric  characteristics,  geometric 
correction  accuracy,  and  landcover 
classification  accuracy. 

The  evaluation  of  geometric  accuracy  about 
HRV  data,  processed  at  EOC,  is  the  first 
topic  of  this  paper.  We  picked  up 
approximately  3C  scenes  and  evaluated 
geometric  accuracy  using  GCPs.  Cross  track 
and  along  track  direction  errors  were 
evaluated  concerning  each  HRV  sensor  system. 


The  next  topic  is  on  signal  to  noise  ratio 
of  HRV  data.  The  SN  ratio  was  calculated 
using  the  software  which  was  developed  for 
MOS-l  verification  program. 

We  also  calculated  PSF  (Point  Spread 
Function),  and  MTF  (Modulatiun  Transfer 
Function)  in  some  cases  to  evaluate  spacial 
resolution  of  HRV. 

The  last  topic  is  concerning  the 
application  field,  land  cover  classification 
and  its  accuracy.  Th"-  result  of  this  study 
includes  joint  study  between  NASDA  &  Science 
University  of  Tokyo. 


2. GEOMETRIC  ACCURACY 

We  have  selected  28  radiometrically  and 
geometrica.1  ly  corrected  HRV  scenes  and 
calculated  geometric  error  using  10  to  36 
GCPs  for  each  scenes.  Table  1  indicates  the 
results.  Fig.l  shows  the  errors  of  along  and 
cross  track  directions  of  each  scenes,  on  the 
other  hand  Fig.  2  shows  the  error  changes 
according  to  the  data  acquisition  date. 

From  these  data,  following  results  are 
obtained. 

1)  Along  track  error  has  some  offset  element, 
(average  of  the  error  is  -356m  )and  the 
magnitude  of  the  errors  depends  upon  the 
data  acquisition  dv>ite.  On  the  other  hand 
cross  track  direction  error  shows  random 
change . 

2)  The  same  scene  observed  on  the  same  date 
with  different  sensor  (XS-1  and  PA-1,  or  XS-2 
and  PA-2  )has  almost  same  error. 

3)  The  error  of  (331,332-278,  88.10.14) 
indicates  the  relation  between  XS-1  and  XS-2, 
and  the  error  of  (331-279,332-275,278, 
88.6.6)  also  indicates  the  correlation 
between  XS-1  and  PA-2,  these  scenes  are 
simultaneously  observed. 

4)  Fig. 3  illustrates  that  the  mirror  angle 
has  some  correlation  with  geometric  errors. 

We  further  examined  magnification  ratio, 
aspect  ratio,  rotation  angle,  and  skew  angle. 

These  results  are  shown  in  Table  2. 

Magnification  and  aspect  ratio  are  small 
enough  so  that  it  will  conclude  that  SPOT 
orbit  estimation  accuracy  is  good  about 
satellite  altitude  and  attitude  of  the  pitch 
axis . 
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FIG.  1  GEOMETRIC  ERROR  OF  HRV  EVALUATED 
WITH  GCPs. 
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FIG.  2  TREAND  OF  GEOMETRIC 
TO  DATA  ACQUISITION 
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3.  SN  RATIO  OP  HRV 

SN  ratio  were  calculated  in  the  7 
positions  as  follows. 

1:  the  mouth  of  ARAKAWA  river 
2:  urban  area  of  Tokyo 
3:  forest  (Kanto  area) 

4s  the  mouth  of  ARAKAWA  river  (PA  scene) 

5s  reclaimed  land  of  Tokyo  bay 
6s  the  mouth  of  ARAKAWA  river  (other  scene) 
7s  the  mouth  of  ARAKAWA  river  (other  scene) 
the  results  are  indicated  in  the  Table  3.  and 
Fig. 4. 


FIG.  3  CORRELATION  BETWEEN  INCIDENT  /  OLE 
AND  CROSS  TRACK  DIRECTION  ERR.  .. 
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Each  SN  ratio  was  calculated  in  32  line  by 
32  pixel  area,  and  hanging  window  was  used 
for  Fourier  Transformation. 

The  values  are  about  15dB  to  21  dB,  and 
these  are  not  so  different  from  MOS-1  MESSR 
verification  result  in  the  EOC. 

Fig. 4  shows  the  characteristics  of  SN 
ratio. 

1)  SN  ratio  degraded  along  the  spectral 
band,  PA  band  has  particularly  low  S  N  ratio 
in  this  study. 

2)  Water  area  (mouth  of  ARAKAWA  river)  shows 
almost  same  pattern. 

3)  In  urban  area,  SN  ratio  is  low  in  every 
spectral  band.  Because  urban  area  includes 
many  bright  artifacts  and  then  noisy  in 
frequency  domain. 

S  .I  RATIO  cs  HW 


4.  MTF 

MTF  was  calculated  by  following  method. 

Select  a  coast  line  area  from  the  examined 
image,  and  get  edge  profile  by  edge  tracing, 
then  approximate  the  profile  using  spline 
function.  Differentiate  this  function  to  get 
PSF  and  MTF  is  calculated  from  PSF  by  Fourier 
Transformation . 

These  results  are  illustrated  in  Fig. 5. 

The  MTFs  were  good  for  all  other  spectral 
bands. As  our  verification  software  idealized 
some  condition  in  calculation,  MTF  shows 
rather  ideal  curve,  that  indicates  HRV 
resolution  satisfied  the  specification. 

5.  CLASSIFICATION 

The  author  also  checked  the  classification 
result  of  HRV  image  data  (level  2)  using  the 
trace  and  division  accuracy.  The  trace 
accuracy  means  geometric  probability.  And  the 
division  accuracy  means  geometric  probability 
based  on  truth  daca.  The  classification  was 
done  using  supervised  maximum  likelihood 
classifier.  The  HRV  image  data  was  acquired 
October  14,1988  at  EOC  (Earth  Observation 
Center  of  NASDA) .  The  study  area  is  Oh-shima, 
famous  volcanic  island,  the  size  is  9km  east 
to  west  and  15km  south  to  north.  And  this 
island  locates  from  longitude  139  20'E  to 
longitude  139  27  E,from  latitude  34  41’N  to 
latitude  34  48'N. 

The  table  4  shows  the  classification 
accuracy  of  each  category.  In  the  table,  the 
vertical  axis  is  categories  of  the  digital 
map  information  got  by  ground  truth.  And  the 
horizontal  axis  is  categories  for  HRV 
analysis.  The  situation  of  error  distribution 
becomes  clear  from  this  table. 
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Therefore, it  becomes  clear  that  the  land 
cover  classification  analysis  needs  other 
spectral  bands . 

6. CONCLUSION 

HRV  data  received  in  Japan  was  investigated. 

Concerning  to  geometric  accuracy,  alongtrack 
error  will  be  iitiproved  if  we  consider  the 
offset  element.  On  the  other  hand  we  could 
not  find  out  the  characteristics  of 
closstrack  error.  Hence  SPOT  roll  axis 
attitude  and  it's  estimation  is  unstable. 

As  a  conclusion  from  the  S/N  analysis  water 
and  forest  area  image  data  quality  is  good  in 
XS  band.  For  PA  band  high  resolution 
will  influence  to  the  degradation  of  SN  ratio. 

Classification  accuracy  in  this  study  is  not 
so  good.  But  the  values  of  accuracy  were 
calculated  based  on  1/25000  classification 
map  data,  thus  more  precise  truth  data  will 
lead  more  good  result. 

However,  land  classification  with  maximum 
likelihood  is  not  so  suitable  for  2  to3 
spectral  bands  sensor  as  HRV. 

This  study  performed  on  the  data  received 
in  Japan  in  early  period.  Constant 
verification  should  also  continue  to  improve 
the  quality  of  products . 
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Abstract 


A  statistical  analysis  is  performed  in  the  three-dimensional  (3-D) 
histogram  space  of  SPOT  HRV  data.  Th(^  distribution  ol  ve(;lors 
(l)ixels)  in  the  histogram  space  of  IIRV  data  may  be  different  from 
other  satellite  sensors  stich  as  Lanrlsat  TM  because  of  its  higher 
s|)atial  resolution.  The  SPOT  HRV  system  Ims  the  three*  channels 
of  sensors,  which  generate  a  3-D  histogram  space  in  feature.  A  part 
of  the  present  objective  is  to  examine  the  distribution  of  vectors  in 
this  3-D  histogram  spivee.  First,  we  analyze  the  two-dimensional 
(2-D)  histogram  of  IIRV  data,  which  gives  the  contour  map.  Some 
clearly  isolated  clusters  could  be  detected  in  this  histogrmn  map. 
Each  cluster  contjiins  several  contents,  which  represent  liuid  cover 
features.  Then,  we  develop  the  algorithm  of  calculating  the  .3-D 
Instognun  of  HRV  data.  Tire  result  of  estimating  the  distribution 
is  given  in  a  histogram  table.  Also,  3-D  peaks  in  the  histogram  are 
detected,  mid  given  in  a  table.  Using  these  tables,  the  3-D  view 
system  of  the  3-D  histogram  is  developed.  The  3-D  surface  with  an 
ecpialled- value  is  displayed  on  a  graphic  monitor. 

Keywords:  SPOT,  histogram  space,  3-D  analysis,  3-D  peaks 


I  Introduction 

The  objective  of  the  present  investigation  is  to 
examine  the  distribution  of  vectors  (pixels)  in  the 
three-dimen.sional  (3  D)  histogram  sp<ue  of  SPOT 
(Systeme  Probatoire  d'Observ<itiou  tie  la  Terre)  HRV 
(Haute  Resolution  Visible)  data  :md  to  comiiare  the 
peaks  m  this  distribution  with  huid  cover  features. 
The  sjiatial  resolution  (2()m)  of  HRV  data  is  so  supe¬ 
rior  to  the  i>revious  ones  iuxiuired  by  civilian  remote 
sensing  satellites,  which  approaches  the  level  jiro- 
vided  1)Y  iierial  photogra[)hy.  Futhermore,  another 
feature  of  the  SPOT  satellite  system  is  the  extended 
function  of  viewing  up  to  27  degrees  off-muliar,  which 
gives  a  stereoscopic  image  from  two  different  orbits. 

First,  we  analyze  one-  and  two-dimensional  (TD, 
2-D)  hi.stograms  of  HRV  data  to  understand  liasic 
.statistic  al  (haracteristic  s  of  data.  For  the  reason,  we 
.select  the  scene  (512x512  pixels)  as  shown  in  Fig.l, 
which  cont.uiis  tyijic,<J  hmd  features  suc-li  .us  watc;r, 


pond,  river,  residential,  c:ommercial,  gr<uj.s,  etc.  This 
scene  was  obtained  by  SPOT  on  October  20,  1986 
(ID  313-  283).  After  c;alculating  1-D  histogram  of 
HRV  data  and  cross-correlations  bctwcx  ii  cvuli  pair  of 
sensors,  we  analyze  2-D  histogram  of  the  same  data, 
which  is  described  in  Sec.II. 

Next,  we  try  to  examine  distributions  of  vectors 
in  the  histogram  space.  In  HRV  data,  the  histograin 
siiace  is  3-D.  Efu;h  pixel  in  the  image  as  shown  in 
Fig.l  is  corresjionding  to  a  certain  c;ell  in  the  his¬ 
togram  space,  which  has  three  peculiar  values  ob¬ 
tained  from  three  sensors.  In  a  fl.at  area  such  as 
water,  many  pixels  of  it  belong  to  one  cell.  So  we 
calculate  a  distribution  table  of  the  3-D  histogram  of 
Fig.l.  Also,  3-D  peaks  in  the  histogr<am  spac;e  are  dcj- 
tcclecl,  whic:h  may  represent  land  cover  features.  Uti¬ 
lizing  the  histogram  table,  we  construc.t  a  3-D  view 
system  of  the  3-D  histogram  of  HRV  data.  Setting 
<m  eciuallecl-v<aluc  of  counts,  the  surface  in  the  3-D 
histogr.im  is  displ.ayed  on  a  graphic  monitor. 
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Fig.l.  Pic-sent  study  area. 
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Fig.2.  Onr-diinciisioiKil  histogram  of  IIRV  <lata. 

II  One-  and  two-dimensional  analysis  of  SPOT 
HRV  data 

First,  we  show  the  1-D  histogran-s  of  Fig.l  in 
Fig.2.  This  Figure  shows  a  plot  of  gray  levd  ver¬ 
sus  freciucncy  of  pixels.  Contrary  to  our  expectation, 
the  effective  dynaniic  range  of  HRV  sensors  is  not  so 
wide,  compared  with  previous  sateiiite  seiusors  such 
<us  Laiulsat  TM.  In  this  scene,  the  values  of  the  effec¬ 
tive  dynamic  range  are  less  tliaii  100. 

Second,  we  eak-ulate  2-D  histograms  of  HRV  data 
so  as  to  make  clear  the  relation  between  two  channel 
sensors.  Figure  3  shows  l.he  2-D  histograms  of  HRV 
data  in  a  contour  maj).  In  Fig.3(a)  we  show  the  re¬ 
lation  hetween  chaniK'ls  1  and  2,  and  in  Fig.3(!>)  the 


Fig.3.  Two-dimensional  histogram  of  HRV  data 
Table  I.  Cross-cortelation. 


ch.l 

ch.2 

ch.l 

1.000 

- 

ch.2 

0.949 

1.000 

ch.3 

0.508 

0.596 
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relation  between  t  hannelh  2  <invi  3.  Bet  au.se  of  .stnnn' 
torrelation  between  .seiihorh  cus  .sliowti  in  Fig. 3(a),  tbi.s 
liihtogrcun  is  so  trivi.il  that  we  c.ui  get  not  so  iinuh 
information  from  it.  On  the  other  hand,  Figure  3(b) 
shows  tjuite  different  distrilmtions  from  Fig. 3(a).  The 
difference  between  them  originates  from  the  differ¬ 
ence  between  their  eross-c  orrelalion.  So  we  ralc.u- 
late  the  c;ross-coirelatious  between  each  pair  of  sen 
sors(Chave/,,  1984),  and  sliow  tlu‘  results  in  Table 

l.  The  value  of  eross-i  orrelalion  between  channels  1 
<md  2  is  mar  I.O.  which  me<uis  that  these  two  sensors 
have  almost  same  c.harac  U  ristc  s.  This  result  is  c  orre- 
spouding  to  the  distribution  of  pixels  in  Fig  3(a).  The 
values  of  c,ross-correlatiou  between  channels  1  and  3, 
and  2  and  3  in  Table  1  are  less  than  1.0,  so  these’  c  har- 

ac. teristic.s  of  each  pair  are  rather  iudepeude-nt  e>ac)i 
other.  Therefore,  several  clusters  ajjjiear  in  the  dis¬ 
tribution  of  pixels  in  Fig.3(b).  Each  isolated  chistcT 
contains  several  contents,  which  represent  land  fea¬ 
ture’s'. 

By  extracting  typical  training-fields  from  Fig.l, 
and  projecting  them  to  Fig. 3(b),  we  can  recognize 


contents  of  c-tudi  clusler(Mori,  1988).  The  isolated 
cluster  with  a  .sharo  peak,  lower  left  in  Fig.3(b),  is 
corresponding  to  water  area;  sea,  pond  and  river. 
Tile  long  and  thin  cduster,  lower  middle,  is  corre¬ 
sponding  to  wood.  The  large  triangular  cluster,  up- 
lier  middle,  is  corre.sponding  to  several  contents;  rc'si- 
dential,  commercial  and  other  urban  area.  The  small 
thin  cluster,  right,  is  corresponding  to  the  several 
types  of  gniss.  Comparing  the  distribution  in  Fig.3(b) 
with  the  plot  in  Fig.2,  we  can  recognize  contents  of 
shiu-p  peaks  in  lowei  sides  in  the  histogram  of  Fig.2. 
The;  shiurp  pc<xk  of  the  plot  of  cluumel  3  c. on  tains  only 
water  area,  so  we  can  c;learly  clevide  the  image  of 
Fig.l  into  two  parts;  water  and  land  area.  On  the 
other  hand,  although  the  jilot  of  cbaunel  2  is  similar 
to  one  of  channel  3,  the  sharp  peak  contains  water 
aie<i  and  wood.  In  the  plot  of  cJnumel  1,  the  sharj) 
pciak  contains  the  same,  c.onteiits  as  one  of  c  hanncl  2 
due  to  strong  correlation  between  chiuiiiels  1  and  2. 

In  the  2-D  histogram,  however,  it  is  not  svillicdent. 
to  recognize  all  contents  c.orres^iouding  to  rend  laud 
cover  features  correc  tly.  Even  it  we  analyze  the  clis- 


Table  11.  3-D  distribution  of  pixels. 


Counts 

Number  of  cells 

1 

2 

12294 

4077 

2177 

3 

4 

1393 

5 

1045 

6 

783 

7 

662 

8 

609 

9 

465 

19 

400 

11 

351 

12 

332 

13 

279 

14 

277 

15 

249 

16 

228 

17 

212 

440 

1 

618 

1 

635 

1 

651 

1 

705 

1 

776 

1 

900 

1 

937 

1 

1042 

1 

1091 

1 

1369 

1 

1383 

1 

1433 

1 

1853 

1 

1861 

1 

1905 

1 

2595 

1 

2759 

1 

2807 

1 

2965 

1 

2997 

1 

3969 

1 

Table  III.  3-D  peaks  in  the  histogram  space. 


Peak  No 

ch.l 

ch.2 

ch.3 

Counts 

1 

28 

15 

8 

2965 

2 

29 

16 

8 

2807 

3 

29 

18 

53 

86 

4 

31 

17 

9 

5 

32 

18 

1861 

6 

33 

19 

776 

7 

38 

28 

67 

90 

8 

38 

29 

91 

9 

38 

29 

65 

125 

10 

38 

29 

100 

11 

39 

30 

no 

12 

39 

30 

64 

128 

13 

40 

29 

14 

40 

30 

15 

40 

30 

BoB 

16 

40 

30 

BH 

17 

40 

31 

KB 

18 

40 

31 

63 

118 

19 

41 

30 

28 

98 

20 

41 

31 

125 

21 

42 

31 

31 

142 

22 

42 

31 

38 

113 

23 

42 

32 

42 

85 

24 

43 

32 

30 

150 

25 

43 

32 

32 

168 

26 

43 

32 

35 

138 

27 

43 

32 

39 

112 

28 

44 

32 

31 

171 

29 

44 

33 

32 

170 

30 

44 

33 

34 

155 

31 

45 

33 

38 

128 

32 

45 

34 

33 

174 

33 

45 

34 

37 

143 

34 

45 

35 

O'J 

XIU 

35 

45 

34 

41 

95 

36 

46 

35 

34 

150 

37 

47 

36 

36 

118 

38 

48 

37 

36 

107 

39 

49 

36 

35 

128 

40 

50 

37 

34 

S3 

41 

50 

37 

37 

90 
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trilmtioii  in  Fig.3(b),  we  ciuinot  take  a  e«nt.rilmtion 
of  ('haiiiiel  1  into  account. 

III  The  three-dimensional  distribution  in  the  his¬ 
togram  space 

W<>  caiculate  a  tal.'le  of  (ho  3-D  distribution  of 
pixels  in  tlio  liistograin  space  to  understand  the  char¬ 
acteristics  of  SPOT  sensors.  As  setting  the  effective 
dynamic  range  of  sensors  .us  100,  ius  seen  in  Fig.2,  one 
million  cells  are  necessary  to  construct  the  3-D  distri¬ 
bution.  Each  pixel  in  the  image  belongs  to  a  peculiar 
cell  of  them.  Most  of  one  million  cells,  however,  arc 
em|)ty,  because  many  pixels  belong  to  a.  small  number 
of  cells.  So  computer  memory  for  one  cell  needs  two 
bytes  at  Iciust,  which  count  numbers  of  pixels  up  to 
6553G.  Then,  computer  memory  needs  2  mega  bytes 
for  <ill  cells.  We  show  a  part  of  the.  result  of  the  (bs- 
tribution  in  Table  II.  The  values  in  the  left  column 
in  Tal)lc  II  memis  a  number  of  pixel  counts  for  a  cell, 
and  also  the  value  in  right  me<ms  a  number  of  cells 
in  the  3-D  histogram.  The  value,  of  pixel  count,  a 
toj)  row,  means  that  these  cells  have,  only  one  pixel 
count,  and  almost  iloiiiiun  among  not  empty  cells. 
The  value  39C9  of  pixel  count,  a  bottom  row,  is  the 
maximum  one,  which  cell  is  found  to  belong  to  sea 
comi)ared  with  the  2-D  histogram  in  Fig.3(b).  The 
total  number  of  not  empty  cells  is  29099,  which  is 
2.91%  for  all  cells. 

Next,  we  search  peaks  in  the  3-D  histogram  uti- 
li/,ing  the  above-mentioned  table.  A  pe<ik  in  the  3-D 
histogram  is  dctci.tt:d  by  scanning  the  three  directions 
in  the  histogiam  sp<u.e,  which  is  defined  to  have  a  lo- 
cal  maximum  value  of  counts  of  pixels.  This  peak 
seems  to  be  a  c  ore  re.i)resenting  a  c.ertmn  land  cover 
feature  such  cus  sea,  grass,  residential  etc..  We  show 
the  result  in  Table  III.  The  value  in  a  left  column 
means  a  peak  number,  next  three  values  mean  the 
gray  levels  of  three  c;hannels,  and  the  value  in  right 
means  the  number  of  counts  of  pixels  of  core  cells. 
Here  we.  show  a  part  of  the  jreaks,  which  counts  of 
I)ixels  are  more  than  80.  The  pcuiks  of  No.l,  2,  4,  5, 
6  in  Table  III  belong  to  sea  in  Fig.l,  which  have  a 
large  number  of  counts  bcc;ause  of  flat  area.  We  cim 
use  these  i)eaks  as  seeds  in  clustering  scheme  such  as 
k-rneans  method. 

IV  The  three-dimensional  view  system  of  the  his¬ 
togram  space 

U(ili/.ing  the  table  of  the  3-D  histogram  in  Scic.lll, 
we  try  to  construct  the  3-D  view  system  of  theun. 
This  view  .systc-m  could  .show  a  3-D  pic:ture  of  the  3- 
D  histogrmn.  A  part  of  the  rcjsult  is  shown  in  Fig.4. 
This  Figure  shews  the  c'ciuallc:cl-v<ilue  surfac;e  of  the  3- 
D  histogram  in  the*  spc:ac;e.  It  is  impossible  to  display 


Fig.4.  Three  dimensional  view  of  the  liistogram  surface. 


all  cells  in  one  cliren-.tion  of  a  view  point,  even  if  using 
the  3-D  view  system.  Then,  we  defined  a  surfiic:e 
with  an  eciualled- value  of  the  histogram  by  setting 
a  threshold  value  of  the  histogram.  In  Fig.4,  wc  set 
the  thrcishold  value  as  40,  and  clrew  the  picture  by  the 
laser  printesr.  Each  value  of  the  axevs  mc>ans  the  gray 
level  of  clnumels.  In  this  system  we  can  set  tin  iuiy 
direction  of  a  view  point.  Decreasing  the  threshold 
value,  cores  of  isolated  clusters  appear  one  by  one. 
Eac:h  of  these  cores  is  corrcsponcling  to  land  cover 
features. 
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ABSTRACT 

Radiance  data  detected  by  satellite  sensor  is 
generally  inf-uenced  by  undesirable  topographic 
effect.  Removing  this  effect  is  important  in  order 
to  optimize  information  extraction  from  remotely- 
sensed  data.  A  new  approach  as  an  answer  to  this 
necessity  is  proposed  in  this  paper.  The  digital 
numbers  in  SPOT-1  HRV  multispectral  imagery  are 
transformed  to  values  of  reflectance  factors  being 
intrinsic  characteristic  of  the  surface  material 
being  imaged  and  invariant  to  topography.  This 
approach  is  based  on  a  radiative  transfer  model  that 
IS  developed  as  an  approximation  of  changes  in 
radiance.  The  values  of  some  unknown  parameters  of 
this  model  were  estimated  by  using  multiple  linear 
regression  in  a  small  homogeneous  test  site  of  508 
pixels,  located  within  the  study  area.  The 
calculated  values  of  reflectance  factors  were 
presented  by  dimensionless  ..  „  cux  numbers  ranging 
from  0  to  255  which  corresponds  respectively  with 
the  values  of  reflectance  factors  from  0  to  1.  The 
feasibility  of  this  approach  have  been  tested 
against  the  SPOT-1  HRV  multispectral  images  above  a 
canopy  of  Picaussel  Forest  in  France. 

Key-words  :  SPOT-1  HRV  multispectral  imagery, 
Topographic  effect.  Digital  Elevation  Model, 
Reflectance  factor.  Multiple  linear  regression. 

1  -  INTRODUCTION 

The  topographic  effect  is  defined  as  the  variation 
in  response  from  inclined  surfaces  compared  to 
response  from  a  horizontal  surface  as  a  function  of 
the  orientation  of  the  surface  relative  to  the  light 
source  ans  sensor  position.  Radiance  data  detected 
by  remote  sensing  satellite  is  generally  influenced 
by  the  undesirable  effect.  In  aieas  of  high  relief, 
such  effect  can  produce  erroneous  results  when  using 
satellite  data  for  lanj  cover  classification  and 
mapping.  Many  researchers  in  remote  sensing  have 
demonstrated  that  topographic  effect  may  be 
quantified  and  reduced  (WOODHAM  1987,  and  many 
others) . 

The  spectial  reflectance  of  a  surface  material  is  of 
large  interest  in  remote  sensing  and  satellite 
digital  images  are  commonly  analysed  by  using  the 
digital  numbers  for  each  pixel  recorded  on  a 
ccmputer-compatible  magnetic  tape.  Thus,  An  approach 
as  a  method  of  the  removal  of  the  topographic  effect 
from  the  satellite  digital  images  is  proposed.  That 
is,  the  digital  numbers  are  transformed  to  values 


of  reflectance  factors  being  intrinsic 
characteristic  of  the  arbitrary  flat  surface 
material  being  imaged  and  invariant  to  topographic. 

The  layout  of  the  paper  is  as  follows  :  in  section 
2,  the  radiative  transfer  model  is  described.  An 
algorithm  proposed  for  determining  the  values  of 
unknown  parameters  of  the  model,  an  application 
example  and  the  conclusions  are  given  in  section  3. 

The  presented  approach  is  used  within  the  limits  of 
visible  and  near-infrared  parts  of  the 
electromagnetic  spectrum  and  is,  in  essence, 
applicable  to  suitable  LANOSAT  image  data. 

2  -  MODELISATION 

The  spectral  radiance,  coming  from  the  sun, 
attenuated  by  the  atmosphere,  reflected  by  an 
Earth's  surface,  reattenuated  by  the  atmosphere  and 
entering  into  the  sensor  of  the  satellite  is 
influenced  to  a  greater  or  lesser  extent  by  a  large 
number  of  effects  which  may  be,  in  principle, 
classified  as  astronomical,  geographical, 
geometrical,  atmospheric,  meteorological, 

topographic  and  biological  factors.  As  an  output, 
the  digital  numbers,  which  the  users  obtain,  are 
modulated  by  opto-electronic  effects. 

An  idea  mathematical  form  of  the  transformation  from 
digital  numbers  to  the  values  of  the  reflectance 
factors  should  contain  a  full  treatement  of  the 
above  factors.  But  it  is  currently  not  feasible.  To 
date,  in  remote  sensing  applications,  many 
simplifications  have  been  made  to  deal  with  this 
complex  situation  such  as  assuming  isotropic  sky 
radiance  distribution  and  Lambertian  surface.  In 
this  section,  the  principal  physical  phenomena,  the 
mathematic  form  of  transformation,  and  suitable 
assumptions  will  be  described.  In  all  the  following 
expressions,  the  wavelength  subscriptions  have  been 
suppressed. 

The  mathematical  form  of  the  transformation  may  be 
derived  from  the  definition  of  the  BRDF  and  from  the 
corresponding  physical  definitions.  The  detail  of 
the  derivation  has  been  omitted  here.  In  this  study, 
the  adjacent  slope  radiances  were  ignored.  The 
skylight  was  treated  as  a  uniform  hemispherical 
source,  in  the  same  way,  the  direct  sunlight  as  a 
well-collimated  source  (parallel  rays),  the 
atmosphere  as  a  series  of  horizontally  homogeneous 
parallel  slabs,  and  the  ground  cover  as  an  arbitrary 
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flat  lambertian  surface.  The  term  "arbitrary  flat 
surface"  nas  assumed  as  a  mathematically  continous 
flat  surface  on  a  macroscopic  scale,  having  an 
arbitrary  slope  and  aspect.  The  altitude-related 
atmospheric  effects  were  neglected.  The  sgectr^l 
radijnce  at  the  sensor  of  satellite  (W.m  .sr 

consists  of  that  due  to  the  solar  radiation 
reflected  by  the  target  (the  reflected  solar 
radiation  is  the  sum  of  the  irradiances  of  the 
direct  sunlight  and  of  the  skylight)  and 
reattenuated  ^by  ^the  atmosphere,  and  that  (L  , 
units  .  W.m”‘^.sr~^.ff  due  to  backscatteer  frBm 

the  direct  solar  ray  including  single  scattering, 
multiple  scattering  and  the  reflected  part  by  the 
ground  (the  environment  of  the  target)  into 
atmosphere  (YANG  1989)  ,  that  is, 


(R  /R)^  S  T  cos  1  +  TT  F  cos^(a  /2) 

O  O  1 


p  T  +L 
r  a 


(1) 


where 


_  -T/cos  S 
T  =  e 


TT 


-  -T/cos  V 
T  =  e 


respectively.  This  study  area  is  characterized  by 
relief  from  550  m  to  1160  m  above  sea  level.  The 
steepest  slope  was  62°  and  most  of  the  slopes  were 
about  14-20°. 

The  SPOT-1  HRV  image  (level  2)  for  the  study  area  is 
K44,  J246  acquired  on  13  august  1986  with  a  view 
angle  of  3.7°. 

Digital  Elevation  Data  (DED)  were  generated  by 
digitizing  the  contour  lines  of  the  1:25000  scale 
topographic  map  (20n-5Cm  contour  interval).  The 
Digital  Elevation  Model  (DET)  of  the  study  area  was 
then  created  by  interpolation  of  the  digital 
elevation  data.  The  software  used  was  taken  from 
ONES  (PROY  1986). 


3.2.  Computations  of  the  parameter  values 
The  images  of  real  values  of  slope  and  aspect  of  the 
local  surface  were  derived  from  the  DEM  by  computing 
partial  derivatives  of  the  local  surface  of  the 
terrain  model.  The  image  of  real  values  of  cosine  of 
the  incident  of  solar  radiation  was  generated  by 
using  the  following  equation 


T  and  T  are  the  total  atmospheric  transmittance 
corresponding  atmospherical  attenuations  between  the 
sun  and  the  earth's  target,  and  the  erath's  target 
and  the  sensor,  respectively.  S  (rad)  is  the  solar 
zenithal  angle,  V  (rad)  the  zenithal  angle  of  the 
sensor  and  T  the  total  normal  optical  thickness, 
which  equals  the  sum  of  the  separate  optical 
thicknesses  of  all  the  attenuating  constituents.  I 
(rad)  IS  the  angle  between  the  incident  solar  ray 
and  the  surface  normal ,  which  is  equal  to  the  solar 
zenithal  angle  when  the  surface  is  horizontal.  Here, 
CY(rad)  IS  the  angle  of  inclination  of  the  local 
surface  (slopelj  andj^  F  th|  spectral  sky  scattered 
radiance  is  the  solar 

spectral  irrandiance  (W.m'^.^m  ^)  outside  the 
atmosphere,  p  (dimensionless)  is  the  reflectance 
factor.  The  effect  of  the  actual  Sun-Earth  distance 
R  being  generally  different  from  its  mean  value 
R  (1  /UU.)  is  taken  into  account  by  the  factor 
(fi  /Rr.  The  relation  between  the  spectral  radiance 
an3  digital  numbers  DN  (dimensionless)  in  the  given 
band  in  SPOT-1  HRV  multispectral  imagery  is 
quantified  as 


cos  1  =  cos  a  cos  S  +  sin  Oi  sin  S  cos  (0^  ~ 

where  o;  and  0(^are  the  zenithal  angle  of  the  local 
surface  normal  (or  slope)  and  the  azimuthal  angle  of 
the  local  surface  normal  (or  aspect) .  S  and  0^  are 
the  zenithal  and  azimuthal  angles  of  the  solar 
radiation.  The  following  equation  was  used  ^to 
compute  the  mean-distance  correction  factor  (Rp/R)‘. 

R.  (1  +  e  cos  n(J-4)) 

0 _  /  =  ! 


where 

n  =  2  TT  /365.25 
e  =  0.01673 

the  e  is  the  excentricity  of  the  Earth's  orbit,  J 
the  Julian  day.  The  value  of  mean  solar  irradiance 
(S  )  for  each  SPOT  band  can  be  obtained  by 
in?igrating  the  standard  spectral  solar  irradiance 
curve  over  the  corresponding  wavelenght  interval . 
The  values  of  K  for  each  band  are  directly  avaibles 
from  SPOT-1  HRV  imagery  (ONES  1986). 


DN=K*L,  (2) 

k 

where  L.  is  the  SPOT  equivalent  spectral  radiance 
(BEGNI  ^1982)  .and  K  the  absolute  calibration 
coefficient  (w”^  .m‘.sr  .^l  m) .  Let  S  ,  T  ,  F  ,  P  , 
T  ,  L  be  the  weighted  average  of^^t  T^^>  F',^p, 

L*^  in"^  a  given  spectral  band,  respectively.  The 
reflectance  factor  can  be  written  as 


(DN/K-L,,)7r 

p  = - - 2? - -  (3) 

((R  /R)  S  T  cos  I  +  TT  F  COS  (0/2)  )  T 

O  03  13  3  r*3 


Based  on  the  above  equation,  when  all  the  unknown 
parameters  are  obtained,  the  reflectance  factors  p 
can  be  calcui  a. 


3  -  APPLICATION 


3.1.  Study  area  and  data  sets 

A  7.2  km  by  3.8  km  mountainous  area  located  within 
the  PICAUSSEL  Forest  in  France  was  selected  to  test 
the  transformation  approach.  The  latitude  and 
longitude  of  this  area  are  42°52'N,  2°25'E, 


3.3.  Multiple  linear  regression 
Equation  (3)  can  be  formally  rewritten  as 


DN  =  A*  cos  I  +  B*cos‘^(0: /2)  +  C 


(6) 


with  A  =  K  p  (R  /R)  S  T.T/tt 
B  =  K  p"  F°  T  ^ 

C  =  K  L®  ® 
aa 

and  T.  -Ta/cos  S  _  -Ta/cos  V 
la  =  e  T  =  e 

ra 


For  a  small  homogeneous  test  site,  it  was  assumed 
that  each  point  of  the  test  site  was  identical  int 
the  reflectance  factor  p  .  Because  the  atmosphere 
was  treated  as  a  series  <SV  horizontally  homogeneous 
parallfil  slabs,  the  values  of  the  parameters  K. 
(R^/R)‘,  ,  T^g,  Tj,  ,  I  for  all  point  of  study 

area  could”  be  assumea  to  oe  constant.  Hence,  the 
parameters  A,  B,  C  for  all  points  of  the  test  sitg 
were  constant.  In  this  study,  using  cos  I  and  oos‘ 
(Ct/2)  as  regression  variables,  the  values  of  A,  B, 
C  for  each  band  were  estimated  by  using  multiple 
linear  regression  over  a  homogeneous  test  site  of 
508  pixels,  located  within  the  study  area. 
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3.4.  Estimation  of  the  values  of  the  unknown 
parameters 

The  methods  proposed  in  section  3.2  were  ^sed  to 
compute  the  values  of  the  parameters  (R  /Ky  ,  S  , 

I,  a  •  The  values  of  parameters  K,  DN,  S,  V  were 

directly  available  from  SPOT-1  HRV  images.  In  this 
study,  the  values  of  the  total  normal  optical 

thickness  T  ,  the  mean  path  radiance  L  ,  the  mean 

diffuse  radiance  F  for  each  band  of  a®  SPOT-1  HRV 
image,  needed  in  equation  (3)  were  evaluated  by 
using  the  following  method.  Let  p  be  the  exact 
value  of  the  reflectance  factor  for^^he  test  site, 
T  the  exact  value  of  the  total  normal  optical 
thickness.  It  was  assumed  that  p  existed  between 
p._  and  p_  (m<n),  and  T  existed  between  T_  and 
^an’  *^am  ^an  known  as  the 

empirical  ancillary  information.  For  each  couple  of 
Pg,,  T  .  (m^i,j^n),  which  vaiy  between  p^^  and  p^  ^ 
and  becKeen  T  and  T  respectively,  using® equation 
(6),  one  obtained  a  cirtain  DN,  ,(S  ,  1,0!,  <R  /R)., 

K,  S,  K  were  known,  F  =B/(K  p’'^T°^)  and  the  value 
of  the  point  variance ®for  the  c®lcuiated  value  DN  . 
and  the  the  original  digital  numbers  DN.  Further  on’,"^ 


the  total  variance  for  all  points  of  the  test  site 
was  calculated,  respectively  to  each  couple  of  p  j, 
T  ..  Thus,  a  couple  of  p^^,  Tgg(m^A,B^n)  whidi  macle 
tne  total  variance  minimum  was  chosen  as  a  couple  of 
the  approximate  values  of  the  exact  values  p  ,  T 
Note  that  p^^,  which  was  not  identified  in®oll  ?6e 
study  area  was  only  used  to  estimate  the  value  of 
the  total  normal  optical  thickness  and  to  compute 
the  value  of  the  mean  spectral  diffuse  radiance 

F^(F^-B/(KPaT^a>^' 


Up  till  now,  the  values  of  all  the  parameters 
needed  in  equation  (3)  have  been  computed. 
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3.5.  Results  and  conclusions 

A  digital  elevation  data  image  is  shown  in  figure  1. 
Dark  areas  represent  low  elevation,  light  areas 
represent  high  elevation,  light  areas  represent  high 
A  slope  image  derived  frem  the  DEM  and  a  cos  1  image 
generated  using  equation  (4)  are  shown  in  figure  2 
and  in  figure  3,  respectively.  Figure  4  and  figure  5 
show  a  portion  of  SPOT-1  HRV  image  (band  1)  of 
Picaussel  Forest  and  a  corresponding  synthetic 
reflectance  factor  image  generated  using  equation 
(3),  respectively. 

Visual  examination  of  uncorrected  image  (Fig.  4)  and 
corrected  image  (reflectance  factor  image)  (Pig. 5) 
reveals  that  the  shadows  are  partially  removed. 

The  method  proposed  in  this  paper  requires  a  priori 
knowledge  regarding  a  dynamical  range  of  the 
reflectance  factor  variation  of  selected  homogeneous 
test  site,  but  not  regarding  a  value  of  the 
reflectance  factor.  The  homogeneous  test  site  needs 
be  small  enough  in  study  area  that  the  reflectance 
factor  can  be  considered  constant  throughout. 

In  this  study,  only  lambertian  reflection  was 
considered.  Non-lambertian  reflection  law  will  be 
considered  in  future  research. 
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The  capability  of  SPOT  combined  with  specincally  designed  classifiers  was  investi¬ 
gated  for  computer  assisted  land  cover/use  mapping  in  Indonesia.  Two  particu¬ 
larly  disturbing  constraints  were  analysed.  (1)  The  atmospheric  upwelling  ra¬ 
diances  may  have  very  large  values  (up  to  80%  of  the  measured  radiance  for  band 
XSl)  and  may  be  characterized  by  an  important  heterogeneity  (up  to  40%  for  all 
bands  within  a  60  x  60  km  SPOT  image).  (2)  Moreover,  the  small  size,  complexity 
and  dynamic  nature  of  Indonesian  agro-forest  systems  confuse  multispectral 
analysis. 

In  that  case,  conventional  spectral  classifiers  are  inadequate;  texture  and  context 
information  must  be  introduced  in  order  to  derive  both  adequate  and  accurate 
information.  Consequently,  two  different  methodologies  were  investigated  and 
developed. 

The  first  method  consists  in  classifying  a  large  number  of  spectral  classes/sub¬ 
classes;  this  number  must  be  sufficiently  large  for  obtaining  small  within-class 
variances.  Thanks  to  visual  information  these  classes  are  later  on  grouped 
according  to  locai  context  and  texture.  With  the  object!, e  of  making  computer  land 
cover  mapping  more  objective  and  efficient  it  was  also  developed  a  layered 
classifier  combined  with  an  automatic  exploitation  of  local  textural  and  contextual 
information.  Both  methods  arc  based  on  micro-computer  technology  in  order  to 
obtain  systems  that  can  be  readily  operational  in  Indonesia. 

These  classifiers  were  tested  on  two  study  areas  in  Java.  Preliminary  results 
suggest  that  in  Indonesia  SPOT  has  the  potential  of  a  major  data  source  for 
deriving  iand  cover  mapping  to  1:50,000/100,000  scales. 

With  the  first  method,  six  main  iand  cover/ose  classes  (lake,  rice  field,  dry  crop, 
settlement/road,  mixed  garden  and  forcst/plantation)  were  obtained. 

Eighteen  significative  ciasses  were  discriminated  with  the  second  method. 

The  accuracy  of  the  SPOT  land  cover  /  use  maps  was  tested  in  the  field  through 
random  sampling  of  al!  land  cover  ciasses.  Generally  speaking,  it  was  found 

65%-100%  probability  that  these  are  rightly  classified  (according  to  the  classes) . 
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OPTIMISATION  DE  LA  RESTITUTION  AUTOMATIQUE  DU  RELIEF 
A  PARTIR  D' IMAGES  SPOT 


A.  JATON,  R.  SIHARO,  A.  LECLERC  ET  S.R.  HAJA 
Digitn  inc. 

1100,  boul.  Rene-Levesque  Quest 
Montrdal  (Quebec) 

H3B  4P3 

Et)  collaboration  avec  1e 

Centre  d'appl  teat  ions  ct  do  ••echerches  en  tdleddtection  (CARTEL) 
Uni vers ite  de  Sherbrooke 
Sherbrooke  (Qudbec) 

JIK  2R1 


RESUME 

L'objet  de  cette  recherche  est  la  comprehension  des 
facteurs  qui  influencent  la  qualite  des  modeles 
numeriques  d'elevation  produits  par  correlation 
d' images  SPOT  stdrdoscopiques. 

De  nombreux  tests  ont  permis  I'evaluation  des  liens 
entre  la  precision  obtenue  J  1 'appariement  des  images 
et  les  facteurs  suivants  :  la  radiomdtrie  des  images, 
les  distorsions  dues  au  relief,  les  grandeurs  des 
fenetres  d'appariement  et  les  critbres  d'acceptation 
des  mesures  de  parallaxe. 

Les  resultats  montrent  I'importance  de  la  variance 
des  images  comme  critere  de  selection  d'un  bon 
appariement  et  permettent  de  juger  du  role  du 
coefficient  de  correlation.  Finalement,  une 
evaluation  des  effets  geometriques  sur  les  erreurs  de 
correlation  est  effectuee,  precisant  ainsi  le  rapport 
entre  la  grandeur  des  fengtres  d'appariement  et  les 
distorsions  dues  au  relief. 


1.  INTRODUCTION 

Depuis  I'avenement  des  images  satellites  et 
principalement  depuis  le  lancement  du  satellite  SPOT, 
la  restitution  du  relief  s'est  nettement  orientde 
vers  les  algorithmes  automatiques  d'appariement 
d' images  numeriques.  Bien  des  algorithmes  ont  etg 
glabores  afin  de  generer  des  modeles  numeriques 
d'elevation  (HNE)  (Simard,  lidl;  Rochon  et  al.,  1984; 
Cooper  et  al.,  1985;  Ehlers  et  al.,  1987).  Les 
rdsultats  sont  tres  encourageants  et  la  precision  des 
cartes  topographiques  resultantes  atteint  les  norme' 
cartographiques  (environ  3  a  5  mgtres  de  precision  e.. 
altimgtrie).  Par  contre,  aucune  methode  ne  peut  se 
vanter  de  produire  des  HNE  de  fagon  complgtement 
automatisge  sans  I'intervention  d'un  opgrateur. 

L'glimination  de  ces  erreurs  mais  surtout  la 
comprehension  des  facteurs  influangant  1 'appariement 
d' images  ont  gtd  des  sujets  de  recherche  pour  de 
nombreux  scientifiques.  Les  problemes  causes  par  la 
radiomdtrie  des  images,  les  distorsions  gdometriques 
et  le  choix  des  grandeurs  de  fenetre  d'appariement 
sont  de  taille,  et  pire  encore,  sont  intimement  lies. 
Une  autre  source  importante  de  questions  s'ajoute 
dans  notre  cas  :  le  role  du  coefficient  de 
correlation  comme  mesure  de  fiabilitd  des  valeurs  de 
parallaxe  obtenues. 


Dans  des  etudes  anterieures,  Guindon  (1986)  s'est 
penche  sur  le  probleme  du  critgre  de  selection  d'un 
bon  appariement  avec  des  images  radars.  II  en 
conclut  que  la  robustesse  du  coefficient  de 
correlation  est  trbs  serieusement  mise  en  doute  comme 
bon  critere  d'acceptation  et  que  la  variance  des 
images  a  un  avenir  prometteur  A  ce  titre.  En  ce  qui 
a  trait  aux  grandeurs  des  fenetres  d'appariement, 
Rosenholm  (1987)  aborde  le  fait  qu'il  existe,  pour 
tous  types  de  terrain,  une  grandeur  de  fenetre 
optimal e.  Son  dtude  basee  sur  1 'appariement  de 
photos  aeriennes  par  moindres  carrds,  indique  que  les 
fengtres  A  utiliser  devraient  avoir  une  dimension 
variant  de  20x20  A  30x30  pixels. 

Notre  gtude  vise  A  poursuivre  les  recherches 
prdegdentes  et  A  expliquer  de  fagon  plus  detaillee 
les  facteurs  en  cause  en  nous  basant  sur  de  vraies 
donnges  SPOT.  D'ailleurs,  la  comprghension  des 
paramAtres  influents  est  primordiale  si  I'on  veut 
realiser  une  cartographie  topographique  completeraent 
automatisec  et  prgeise. 


2.  METHODOLOGIE 

2.1  L'algorithme  de  correlation  normal i see 

L'algorithme  de  correlation  normal isee  est  un  module 
du  systAme  CARTOSPOT  (Leclerc,  1988;  Rochon  et  al., 

1984) .  II  nAcessite  deux  images  SPOT  (P  eu  XS) 
reechantillonnees  dans  le  systAme  intermedia! re  raoyen 
(SIM).  Le  SIH  assure  la  correction  des  images  de 
toutes  les  ddformations  geometriques  autres  que 
celles  dues  au  relief.  II  permet  egalemsnt  de 
diminuer  trAs  fortement  la  parallaxe  en  y.  Le 
rAAchantillonnage  des  images  se  fait  A  I'aide  des 
paramAtres  de  la  modAlisation  gAomAtrique.  Le  modAle 
utilisA  est  celui  de  Toutin  et  Guichard  (Toutin, 

1985)  et  nAcessite  des  points  d'appui,  les  paramAtres 
orbiiaux  et  d'attitude  et  les  donnAes  d'informations 
gAnArales  sur  les  images. 

Le  logiciel  d'appariement  exige  les  paramAtres 
suivants  : 

-  la  grandeur  minimale  de  la  fengtre  de  rAfArence; 

-  la  grandeur  ininimale  de  la  fengtre  de  recherche; 

-  le  seuil  de  variance  radiomAtrique  dans  la 
fengtre  de  rAfArence; 

-  le  seuil  de  corrAlation; 

-  les  positions  respectives  d'un  point  dans  les 
deux  images  pour  initialiser  le  processus. 
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Pour  chaque  pixel  de  I'inage  de  rdfdrence,  un  premier 
test  doit  etre  rdussi  :  le  test  de  variance.  Si  la 
fen§tre  entourant  ce  pixel  ne  contient  pas  une 
variance  superieure  au  seuil  indique,  la  grandeur  de 
la  fenetre  est  augmentee  jusqu'i  ce  que  I'un  des  deux 
ph^nom^nes  suivants  se  produise  :•  le  rejet  du  point 
si  la  fenetre  a  etd  agrandie  jusqu'ci  son  maximum  de 
16x16  sans  que  sa  variance  atteigne  le  seuil  requis, 
ou  le  test  de  variance  est  concluant  et  le  processus 
se  poursuit.  Dans  ce  dernier  cas,  la  mesure  du 
coefficient  de  correlation  normalise  est  effectu6e 
pour  chacune  des  positions  de  la  fenStre  conjugude 
dans  la  zone  de  recherche.  Si  cette  mesure  ddpasse 
le  seuil  sp^cifi^,  la  position  fractionnaire  exacte 
du  point  homologue  de  1 'image  conjugu^e  est 
interpolee  en  local isant  le  sommet  de  la  fonction  de 
correlation  k  I'aide  des  trois  valeurs  maximales. 
Puis,  la  soustraction  des  positions  de  1 'image  de 
reference  de  celles  de  1' image  conjuguee  fournit  la 
parallaxe. 

Apres  filtrage  de  la  parallaxe  afin  d'eiirainer  les 
erreurs  grossieres,  les  valeurs  d'dievation  sont 
deduites  4  I'aide  des  param^tres  de  la  moddlisation 
geometrique.  Precisons  que  I'obtention  de  I'altitude 
peut  egalement  se  faire  de  faqon  hidrarchique,  en 
utilisant  des  images  de  moindre  resolution  spatiale. 
L'ajout  d' information,  en  augmentant  la  resolution 
dans  un  processus  iteratif,  permet  d'obtenir  des 
modeies  de  terrain  plus  robustes  et  precis. 

2.2  Les  donnees  images 

Les  images  util i sees  pour  notre  etude  sont  des  images 
sterdoscopiques  SPOT  panchromatiques  de  la  Malaysia 
dont  les  pixels  sont  rdduits  4  50  metres  de 
resolution  (par  moyenne  sur  des  fenOtres  5x5).  Ces 
images  ont  ete  acquises  les  13  et  17  fevrier  1937  et 
presentent  un  rapport  base-hauteur  de  0,87.  Afin  de 
comparer  la  validite  des  rdsultats  d'appariement,  un 
fichier  de  parallaxe  a  ete  corrige  visuellement  (i 
partir  des  ortho-images  en  superposition).  Ce 
fichier  a  servi  de  rerdrence  afin  de  ddceler  tout 
particulidrement  les  erreurs  grossidres.  Les  images 
completement  corrigdes  de  I'effet  du  relief  (ortho¬ 
images)  interviennent  dgalement  dans  les  traitements. 

2.3  Mdthodologie  utilisde 

Lc  travail  est  divisd  en  trois  dtapes  ayant  pour  but 
de  comprendre  respectivement  •:  le  role  du  coefficient 
de  correlation,  1 'importance  de  la  radiomdtrie  et  les 
effets  des  distorsions  gdorndtriques.  Ces  dtapes 
comprennent  chacune  le  ddcoupage  de  rdgions  tests, 
les  appariements  d'images,  la  recherche  et  la 
compilation  des  erreurs,  ainsi  que  I'analyse  des 
rdsultats. 


3.  .TOLE  DU  COEFFICIENT  DE  CORRELATION 

3.1  Tests  effectuds 

Des  appariements  avec  une  grandeur  ae  fenetre  et  un 
seuil  de  variance  fixes  mais  un  seuil  de  correlation 
variable  0"t  etd  efTectue?  <;iir  dpiix  sniK-imagps  dp  la 
Malaysia  de  100  lignes  par  100  pixels.  L'une  de  ces 
sous-images  (zone  A)  contient  une  zone  montagneuse 
couverte  de  foret  tropicale  a  variance  faible  et 
I'autre  (zone  B)  prdsente  un  terrain  plat  que 
recouvrent  un  '. illage  et  des  cultures  (variance 
elevee).  Apres  les  correlations  et  comparaisons  avec 
le  fichier  de  parallaxes  de  rdfdrence,  les 
•Hiiircentages  d'erreurs  grossidres  (ddfinies  comme 


etant,  dans  ce  cas,  supdrieures  k  2,5  fois  la 
dimension  du  pixel,  c'est-a-dire  125  radtres)  ainsi 
que  le  pourcentage  de  pixels  pour  lesquels  la 
correlation  a  dtd  infructueuse  sont  calculds. 

3.2  Rdsultats 

Le  tableau  ri-dessous  prdsfnte,  pour  chacune  des 
zones-tests,  une  partie  des  rdsultats  obtenus  : 


TAbItau  1  ;  Les  erreurs  par  rapport  au  coefficient  de  corrdlatlon. 

ZONE  A  ZONE  e 


Sc  fc  Sv  fr-10  fr-lE  Fr-10  fr-16 

_ *  err  «  n.c.  «  err  %  n.c,  Serr  .  Nn.c,  %  err  X  n.c 

O.Z  3x9  4  0,64  7,14  0,01  6,58  0,03  0,04  0,Z1  0,80 

0,4  3x9  4  0,03  54,75  0,00  78,33  0,00  0,68  0,00  Z,53 

0,6  3x9  4  0,00  97,34  0,00  100,00  0,00  4,Z4  0,00  4,58 

0,8  3x9  4  0,00  100,00  0,00  100.00  0,00  61,64  0,00  55, ZZ 

ou  :  Sc  -  seuil  de  corr<1at1on; 

Fc  •  grandeur  de  la  zone  do  recherche  dans  la  seconds  Inage; 

Sv  -  seuil  de  variance  radlondtrigue; 

Fr  •  grandeur  de  la  fenitre  de  rdfdrence, 

X  err  -  pourcentage  d'erreurs  supdrieures  k  Z,5  pixels  de 
parailaxei 

X  n.c  -  pourcentage  de  pixels  n'ayant  pas  dtd  corrdids. 


3.3  Analyse  :  Le  coefficient  de  correlation  n'est 
pas  un  bon  critdre  d'appariement. 

Les  rdsultats  montrent  de  fagon  frappante  qu(  .a 
valeur  du  coefficient  de  correlation  n'est  pas 
significative.  En  effet,  dans  les  deux  zones,  si  le 
seuil  etait  fixd  k  0,6  et  la  grandeur  de  fenetre  de 
rdfdrence  4  16,  dans  le  premier  cas  aucun  pixel 
n'aurait  trouvd  son  homologue,  alors  que  dans  le 
second,  95%  I'auraient  trouvd  sans  erreurl  De  plus, 
alors  que  statistiquement  une  correlation  est  bonne 
lorsque  son  coefficient  atteint  0,7,  la  zone  A, 
malgrd  un  seuil  aussi  faible  que  0,2,  prdsente  des 
rdsultats  fort  acceptables.  En  fait,  il  faut 
considdrer  le  coefficient  de  fagon  relative  et  non 
absolue  pour  I'appariement,  puisque  seule  la  courbe 
de  correlation  a  une  grande  importance. 


4.  LA  RADIOMETRIE  DES  IMAGES 

4.1  Tests  effectuds 

Dans  le  but  de  comprendre  I'effet  et  1' importance  de 
la  variance  des  images,  il  a  fallu  en  dissocier  les 
effets  provenant  de  la  gdomdtrie.  Ainsi,  afin 
d'dliminer  les  erreurs  provenant  des  effets 
gdorndtriques,  les  appariements  ont  dtd  effectuds  sur 
des  ortho-images.  Trois  sous-images  de  variance 
homogdne  faible,  moyenne  et  forte  ont  dtd  extraites 
des  ortho-images  et  apparides  avec  des  grandeurs  de 
fendtre  variables.  A  nouveau,  la  proportion  des 
erreurs  et  des  pixels  non  corrdids  est  dvalude. 
Notons  que  puisqu'il  s'agit  d'ortho-images  et  que, 
par  consequent,  les  erreurs  sont  moins  iraportantes, 
seules  les  erreurs  supdrieures  k  0,5  et  1  pixel  de 
parallaxe  sont  comptabilisdes. 

4.2  Rdsultats 

Le  tableau  2  ci-dessous  prdsente,  pour  trois  zones 
(zone  A,  B  et  C)  de  variance  diffdrente,  les  erreurs 
de  correlation  pour  diffdrentes  grandeurs  de  fenetre 
et  de  tolerance  pour  la  detection  des  erreurs.  La 
figure  1  en  rdsuine  le  contenu. 
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Tubleiu  2  :  Erreurs  sup^rleures  k  O.S  (a)  et  1  (b)  pixel  de  parelUxe 
{%)  par  rapport  aux  variations  de  la  grandeur  de  la  fen^tre 
de  correlation  et  de  la  variance.  Les  zones  A,  B  et  C 
presentent  un  ecart-type  radlomitrique  moyin  de  5,7,  15,2 
et  36,5  en  niveaux  de  gris  respectivenent. 
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Figure  1  :  Les  erreurs  de  correlation  en  fonction  de  la  grandeur  de  U 
fenetre  de  reference  pour  trois  types  de  terrain.  Les  zones 
A,  6  et  C  presentent  un  ecart«type  radiometrique  moyen  de 
respectivenent  5.7.  15,2  et  38,5  en  niveaux  de  gris. 


4.3  Analyse  :  La  variance  joue  un  rdle  primordial 
lors  de  la  correlation. 

Les  resultats  s'ameliorent  toujours  avec 
1 'augmentation  de  la  grandeur  de  la  fendtre  de 
reference  et  done,  de  la  variance.  De  plus,  plus  la 
variance  d'une  zone  est  forte,  meilleurs  sont  les 
resultats,  et  ceci  meme  avec  une  dimension  de  fenetre 
restreinte.  Notons  egalement  1' importance  de 
I'amdl ioration  de  la  precision  sur  la  zone  A  (6%) 
lorsque  la  fenetre  passe  de  6x6  a  16x16  (tableau  2, 
cas  b).  C'est  enorme  si  Ton  considfere  que  ce 
chiffre  (6%)  reprdsente  2  160  000  pixels  sur  une 
image  SPOT!  Ainsi  comme  le  pressentait  Guindon,  la 
variance  peut  jouer  un  role  primordial  comme  crit4re 
de  selection  d'un  bon  appariement  et  supplanter  le 
coefficient  de  correlation. 


5.  LES  DISTORSIONS  GEOHETRIQUES 
5.1  Tests  effcctuds 

Afin  de  ne  considdrer  a  cette  dtape  que  I'effet  dO  au 
relief,  des  couples  sterdoscopiques  sont  simulds.  A 
partir  d'une  ortho-image  et  d'un  HNE  rdels,  une  visde 
oblique  simulant  la  seconde  image  avec  1 'angle  ddsird 
a  dtd  erdde  (Simard,  1981).  Trois  ortho-images  et 
deux  MNE  ont  done  servi  a  gdndrer  six  couples 
sterdoscopiques  de  rapport  base-hauteur  egal  a  0,466. 
Les  deux  MNE  se  distinguent  par  la  force  de  leur 
pente.  Le  MNE  A  prdsente  des  variations  d'altitude 
de  150  m  en  moyenne  et  le  MNE  B,  de  95  ra.  Les 
appariements  sont  done  rdalisds  sur  des  images  ne 
prdsentant  que  des  distorsions  dues  au  relief  et 
ayant  la  meme  radiomdtrie  d'origine. 


5.2  Rdsultats 

Vu  la  similitude  des  rdsultats  pour  les  trois  couples 
d'images,  seuls  les  rdsultats  d'une  sous-rdgion  sont 
dnoneds.  Ces  rdsultats  se  retrouvent  dans  le  tableau 
3  et  d  la  figure  2. 


Tableau  3  :  Les  erreurs  indultes  par  les  distorsions  g^on^triques. 

a)  Distorsions  g^ofo^triques  provenant  du  HNE  A 

b)  Distorsions  g^oo^triques  provenint  du  HNE  B 

-lE _ 6 _ fi _ 12 _ 1? _ 14  16 

a)  Err  1  {%)  1.37  2,29  4,16  5,74  8.03  10,78 

Err  2  (%)  0,10  0,13  0,15  0,07  0,14  0,34 

Err  Doy  (A)  15.57  16,40  18,26  20,17  22,07  24,15 

b)  Err  1  (X)  4.23  5.69  8,58  11,69  14,95  19,23 

Err  2  (X)  0,13  0,07  0,16  0,29  0,43  0,72 

Err  Boy  (n)  18,16  20,16  22,83  25,32  27,94  30,68 

ou:  Err  1  •  Pourcentage  d'erreurs  sup6rieures  i  0,5  pixel 
de  parillaxe  (53  a  en  aU1m4trie), 

Err  2  >  Pourcentage  d'erreurs  sup4rieures  4  1  pixel  de 
parallaxe  (107  a  en  altlAetrie): 

Err  Aoy  •  Hoyenne  des  valeurs  absoiues  des  erreurs 
d’4Uvation. 


o-Aima  (m) 


Figure  2  :  les  erreurs  en  fonction  des  variations  d'altitude  (4cart> 
type)  du  terrain  k  I'inUrieur  de  la  fenltre  Fr  pour  le  HNE 
A  (A)  et  le  HNE  B  (B). 


5.3  Analyse  :  La  corrdlation  avec  de  petites 
fendtres  est  beaucoup  moins  sensible 
que  prdvu  aux  effets  gdomdtriques. 

En  premier  lieu,  remarquons  que  I'agrandissement  de 
la  fenitre  de  rdfdrence  (et  done  des  distorsions 
gdomdtriques  d  I'intdrieur  de  celle-ci)  provoque  dans 
tous  les  cas  une  augmentation  des  erreurs..  Ensuite, 
il  est  trds  intdressant  de  noter  que,  par  example, 
corrdler  deux  images  prdsentant  des  distorsions 
gdomdtriques  moyennes  (MNE  B)  avec  une  grande  fendtre 
de  16x16  engendre  beaucoup  plus  d'erreurs  que  la 
corrdlation  de  deux  images  ayant  subi  des  distorsions 
fortes  (MNE  B)  avec  une  petite  fendtre  de  6x6 
(figure  2).  Ce  rdsultat  indique  ndeessairement  que 
la  corrdlation  avec  de  petites  fendtres  s'accomode 
trds  bien  de  fortes  distorsions  gdomdtriques.  On 
pourrait  avancer  que  1' auto-correlation  des  images  et 
la  structure  du  calcul  des  coefficients  de 
corrdlation  normalisds  sont  en  relation  dtroite  avec 
ce  phdnomdne.  Afin  de  vdrifier  cette  hypothdse,  un 
moddle  sera  dlabord  sous  peu  et  testd  avec  ces  mdmes 
donndes. 


479 


6.  AMELIORATIONS  FUTURES  DU  LOGICIEL 

6.1  Adaptation  locale  du  logiciel  4  la  variance 

Puisque  1e  coefficient  de  correiacion  ne  peut  servir 
qu'4  I'dliniination  de  tres  fortes  erreurs  et  qu'il 
faut,  vu  les  resultats  le  garder  trfes  bas,  la 
variance  peut  alors  etre  d'un  bon  secours  comme 
filtre  des  erreurs.  Le  seuil  sur  la  variance  ddja 
installe  dans  le  logiciel  servirait  a  dliminer  les 
pixels  ne  prdsentant  pas,  pour  tout  type  de  fenetre, 
une  valeur  minimale  de  variance.  Une  fois  le  test 
sur  la  variance  minimale  rdussi,  le  choix  de  la 
fenetre  optimale  pourrait  se  faire  i  partir  d'une 
table  associant  la  grandeur  de  la  fenetre  a  la 
variance  locale.  La  definition  de  cette  table  sera 
completee  aussitot  que  1 'analyse  des  presents  tests 
sera  terminee.  Notons  4  ce  sujet  que  les  erreurs 
provoquees  par  une  faible  variance  sont  beaucoup  plus 
importantes  que  cel les  provenant  des  distorsions 
gdomdtriques  et  que,  par  consequent,  il  faut  s'en 
occuper  de  fagon  prioritaire. 

6.2  Adaptation  du  logiciel  au  relief 

Le  logiciel  tel  qu'il  est  utilise  maintenant  permet 
la  production  de  HNE  de  fagon  iterative  par  un 
processus  appele  stereoreduction.  Ce  processus, 
qu'il  convient  de  prdciser  ici,  donne  la  possibility 
de  produire  un  MNE  en  plusieurs  dtapes  et  est  utilisd 
prdsentement  dans  les  regions  de  relief  accidente. 
La  premiere  dtape  fournit  un  MNE  grossier,  alors  que 
les  suivantes  apportent  la  prdcision  manquante.-  Ce 
processus  est  intdressant  dans  notre  cas  puisque,  k 
resolution  spatiale  reduite,  le  rapport  signal -bruit 
est  superieur  et  les  distorsions  gdometriques 
beaucoup  raoins  prononcees.  Les  precisions  apportees 
par  cette  dtude  sur  les  effets  des  distorsions 
gdorndtriques  permettront  certainement  d'utiliser  plus 
efficacenient  la  styrdordduction.  Comme  il  a  dtd 
note,  la  correlation  avec  de  petites  fenetres  est 
assez  robuste  face  aux  forts  reli  fs.  Il  n'est  done 
pas  rentable  de  trop  utiliser  la  stdrdordduction 
lorsque  la  quality  radiomdtrique  des  images  le 
permet . 

L'achevement  des  tests  et  de  1 'analyse  des  rdsultats 
permettra  de  construire  un  moddle  fournissant,  pour 
une  image  dnnnde  (e'est-d-dire  pour  une  certaine 
variance  moyenne},  un  terrain  donne  et  bien  sQr  un 
temps  maximum  de  traitement,  le  nombre  d'dtapes  de 
stdrdordduction  a  utiliser  et  la  prdcision  attendee. 


7,  CONCLUSION 

Les  rdsultats  de  cette  etude  apportent  un  peu  de 
lumiere  sur  les  parametres  importants  lors  de  la 
restitution  automatique  du  relief  obtenue  d  partir  de 
corrdlations  numdriques  d'images.  Ils  mettent 
d'abord  en  relief  le  peu  de  poids  que  possdde  le 
coefficient  de  corrdlation  comme  mesure  de  la 
fiabilitd  des  appariements.  L'emphase  doit  plutot 
§tre  mise  sur  1 'allure  de  la  courbe  de  corrdlation, 
puisque,  dans  certaines  zones,  une  faible  valeur  du 
coefficient  de  corrdlation  peut  s'avdrer  acceptable. 

Du  cotd  de  la  radiomdtrie,  1' importance  de  la 
variance  des  images  est  cruciale.  Les  erreurs  sont 
directement  lides  aux  faibles  variances.  Ceci 
signifie  que  plus  les  dimensions  des  fendtres  sont 
grandes,  meilleurs  sont  les  rdsultats  de  corrdlation. 

Du  point  de  vue  gdomdtrique,  par  centre,  les  erreurs 
sont  minimisdes  lors  de  1 'util isation  d'une  petite 
fenetre  et  s'accroissent  lorsque  cette  dernidre  est 
agrandie.  Ainsi  existe-t-il  une  grandeur  de  fenetre 


ootimale  qui  se  situe  entre  8x8  et  16x16  ddpendamment 
du  type  de  terrain.'  Plus  intdressant  encore  est  le 
fait  qu'un  MNE  gdndrd  par  une  corrdlation  avec  une 
petite  fendtre  sur  un  terrain  pentu  est  de  meilleure 
quality  qu'avec  une  corrdlation  avec  une  grande 
fendtre  sur  un  terrain  moins  pentu  (bien  sOr,  il  y  a 
une  limite  calculable  I  I'dtendue  de  ce  phdnomdne). 

Ces  rdsultats  concrets  et  ces  conclusions  simples 
vont  par  consdquent  dtre  fort  utiles  pour 
1 'adaptation  du  logiciel  existant  k  la  fois  4  la 
radiomdtrie  et  k  la  gdomdtrie  des  images.  Le 
logiciel  utilisant  ddjci  un  seuil  sur  la  variance,  une 
grandeur  de  fendtre  variable  et  la  possibility  de 
stdrdordduction,  il  sera  possible  d'accroitre,  avec 
un  effort  de  programmation  limitd,  1 'automatisation 
du  processus  et  la  prdcision  des  MNE  produits. 

Finalement,  ces  rdsultats  confirment  la  pertinence 
des  choix  initiaux  de  Digim  concernant  le 
developpement  du  systdme  CARTOSPOT.  Parmi  I'ensemble 
des  mdthodes  d'appariement  d'images,  la  corrdlation 
normalisde,  avec  adaptation  de  la  grandeur  des 
fendtres  et  combinde  d  la  mdthode  hidrarchique  de 
stdrdordduction,  est  bien  adaptde  aux  conditions 
rencontrdes  en  cartographie  topographique 
d'environnements  naturels  caraetdrisds  par  des 
ddformations  gdomdtriques,  des  contrastes  et  des 
textures  d'images  variables. 
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RESUME 

La  mdihode  prdsenide  pormet  de  faciliter  la  discrimination  des 
champs  traditionnels  en  ajouiant  /t  I'inlormaiion  spectrale  des  images 
satellitaires  SPOT,  I'Inlormation  spatiale  re.'irdsentSe  dans  les  matrices  de 
co-occurence.  Une  mrithodologie  grin^rale  d'utilisation  des  diffrirentes 
plate-formes  satellitaires  dans  un  but  d'obtention  da  statistiques  agricoles 
au  Shaba  (Zaire)  est  prrisentrie.  La  faisabilitd  et  les  coiits  sent  analysds. 

ABSTRACT 

In  order  to  ease  the  discrimination  of  agricultural  fiels  in  humid 
tropical  areas,  the  spatial  information  present  in  coocurrence  matrices  is 
added  to  the  spectral  information  of  a  satellite  image.  A  general  methodo¬ 
logy  for  combining  satellite  platforms  to  obtain  agricultural  statistics  in 
Shaba  (Zaire)  is  presented.  The  feasability  and  the  costs  are  analyzed. 

MOTS-CLES 

Suivi  agricole,  Afrique,  Zaire,  Statistiques  agri coles.  Satellite  SPOT. 


1.  INTRODUCTION 

S'inscrivanI  dans  le  cadre  du  projet  TELSAT  09  du  Service  de  la 
Programmation  de  la  Politique  Beige,  ayant  pour  objeclil  "I'Amrilioration 
des  Statistiques  Agricoles  par  TdlSddtection  en  R^publique  du  Zaire',  cette 
ritude  a  pour  objectif : 

L'estimation  des  polentialitris  des  satellites  haute  resolution  dans  la 
discrimination  des  principales  espSces  cultivees  en  milieu  tropical 
humide  Cette  premiere  approche  devrail  permettre  I'eiaboratlon 
d'une  methodologie  pour  I’evaluation  des  superficies  mises  en  culture 
par  especes. 

La  mise  au  point  d'un  systeme  operatlonnel  de  collecte  des  Statis¬ 
tiques  Agricoles  en  milieu  tropical  par  une  approche  intrigree  des 
difierenis  capteurs  satellitaires. 

L'aire  d'etude,  retenue  pour  ses  caracteristiques  agricoles,  se  siluo 
au  Shaba,  au  nord-ouest  do  Lubumbashi,  dans  la  valiee  de  la  Moyenne 
Lulira.  L'aire  ainsi  definie,  ceniree  sur  la  collpctivite  des  Bayeke  (cpt 
Bunkcya),  a  une  superfide  de  plus  de  100  KmL 

Son  aspect  general  lemoigne  des  caracteristiques  agricoles  Iradi- 
tionnolles  du  milieu  shabien  ;  parcelles  de  faibles  dimension's  (inierieuros 
e  50  ares)  concentreos  en  des  sites  de  culture  bien  particuliers;  ainsi  on 
observe  pou  de  parcelles  de  culture  isoiees  au  sein  de  la  vegetation 
natureile. 

La  region  est  caracterisee  par  un  cllmat  tropical  A  saison  seche 
unique.  La  saison  agricole  debate  en  octobre  avec  les  premieres  ptuies 
pour  so  terminer  en  avril  avec  la  lin  de  la  saison  humide. 


Les  prindpales  espAces  cultivees  sont  le  mats  et  le  manioc.  On 
observe  de  plus  un  certain  nombre  de  parcelles  de  cultures  maraichures  de 
contre-saison  localisees  dans  les  endroits  humides,  sur  alluvions  en 
bordure  de  rivlAres. 

En  ce  qui  concerne  la  vegetation  natureile,  on  constate  une  large 
interpenetration  des  dilferonts  types  de  formations  vegetates ;  foret  dense 
secha  (muhulu),  foret  galerie,  foret  dalre  (miombo),  savane  arborde, 
arbustive  ou  herbeuse. 


2.  METHODES 

2.1  DONNEES  DISPONIBLES 

2.1.1  Donnees  satellitaires 

Trois  images  multispectrales  -scene  SPOT  123/371-  sont  e  dispo¬ 
sition,  ellcs  sont  datdes  respectivement  du  30/07/1987,  du  26/04/88  etdu 
1 1/05/88.  Nous  pouvons  encore  beneficier  d'une  image  panchromatique 
enregistree  le  23/12/87 

2.1.2  Donnees  terrain 

Un  contrdle  de  terrain  a  die  rdalisd  en  mai  1 988,  solt  quelques  jours 
aprds  I'enregistrement  satellitaire.  II  s'est  appuyd  sur  un  survol  adrien  en 
monomoleur  ellectud  prdalablement  A  I'analyse  au  sol. 

Celle-ci  a  permis  la  constitution  d'une  vdntd  terrain  par  investiga¬ 
tion  au  niveau  du  parcellaire. 

Un  report  des  parcr'ies  investigudes  a  dtd  effected  sur  I'lmage 
panchromatique  de  ddcembre.  L'observation  de  terrain  a  conduit  A  la 
definition  des  aires  d'entralnement  ndcessaires  A  fa  classification  super¬ 
visee  ainsi  qu'A  la  preparation  d'un  sondage  suppldmentaire  destind  A 
vdnfier  la  precision  des  classifications  par  matrices  de  contingence. 

2.2  PRELIMINAIRES 

Etantdonnd  lecaractdre  opdrationel  recherchd,  c'est-A-dire  I'obten- 
tion  de  statistiques  agricoles  pour  I'ensemble  du  Shaba,  un  schdma  de 
travail  restrictif  a  dtd  adoptd; 

a.L'dtude  se  concentrera  sur  I'analyse  et  I'extraction  optimale  de  I'inlorma- 
tion  contenue  au  niveau  d'une  seule  image  satellite  par  saison  agricole. 
Co  choix  ost  justifid  par : 

-  Une  analyse  do  la  probabilitd  d'obtention  d'une  couverture  satellitaire 
totale  du  Shaba  au  cours  d'une  saison  agricole.  Si  cette  probabilitd  est 
d'environ  80%  pour  une  couvedure  totale,  elle  s'abaisse  A  0.8*0.8=0.64 
soit  64%  lorsque  la  demande  est  de  deux  couvertures. 

-  Un  cout  d'acquisition  et  de  traitement  des  donndes  proportionnel  au 
nombre  de  couvertures  satellitaires  par  saison  agricole  souhaild. 

b  Los  traitements  longs  et  complexes  seront  dvitds,  privildglant  une  appro¬ 
che  des  donndes  simple  et  directo. 


Radiance 


XS1  XS2  XS3 


Figure  1  Valours  moyoruws  el  deans  types  des  signatures  specirales  des  taxons  identifies  dans  fane  d'diude. 

Figure  2  Schema  de  Irailement  do  fimago  ulilisant  lo  neo-canal 
NOVI  reelale  sur  les  donnees  du  domaine  agricoto 

2.3  ANALYSE  DES  DONNEES 


IMAGE  BRUTE  (XS1,  X32.  XS3) 
Classification  par  maximum  de  vraisemblanco 
Image  classifieo  de  I'OCCUPATION  DU  SOL 

MASQUE  DU  DOMAINE 
AGRICOLE  NON-AGRICOLE 

IMAGE  MASQUEE 
Traitement  des  donnees 
brutes  du  domaine  agricole 


canaux  calcul  do  NDVI 

XS2,  XS3  avec  reetalement 


IMAGE 

XS2.  XS3.  NDVI 


Classification  par 
maximum  de  vraisemblance 


IMAGE  CLASSIFIEE 

IMAGE  CLASSIFIEE 

DU  DOMAINE 

DU  DOmAiNE 

NON-AGRICOLE 

AGRICOLE 

FUSfON 


IMAGE  FINALE  DE 
L’OCCUPATION  DU  SOL 


Compto  tenu  des  contrainles  6nonc6es  pr6cddomment,  la  pdriode 
oplimale  d'acouisiliort  das  donnees  so  situe  on  mars  ct  en  avril  A  co 
moment,  toutes  les  cultures  sonl  en  place,  que  co  soiont  les  cultures  de 
saison  des  pluies  (manioc  ot  mais  proches  de  la  rdcolle)  ou  les  parccllcs 
maraichdres  (en  prdparalion  d6s  aval).  Cette  pariode  correspondanta  la  fin 
do  la  saison  des  pluies,  se  caracldriso  do  plus,  par  uno  diminution  notable 
de  la  couverture  nuagouse,  et  pticfide  une  hausso  de  la  n6bulosiia 
atmosph§rique  due  on  saison  sdcho  aux  feux  do  brnussc  ct  poussibrcs 
aimosphariques. 

Pour  I’annae  agricole  1987-1988,  nous  disposons  de  Irois  enregis- 
tremenls  sur  lo  site  d'6tude  relenu  , 

-  L'lmage  panchromatique  de  dacombre  presente  une  forte  couverture 
nuagouse,  princ.palemenl  sur  le  site  test  de  Bunkeya,  ce  qui  limite  son 
utilisation  pratique. 

-  L'lmage  multispectrale  de  mai  pr6sente,  elle,  une  forte  nabulositd  en  des 
zones  localisbes  due  aux  feux  de  brousse,  ce  qui  introduit  un  biais 
difficilement  conciliable  avec  des  traituments  A  plus  petite  echelii. 

-  L'lmage  d'avril  sera  done  seulo  retenuo  pour  une  premiere  analyse. 

2.4  TFtAITEMENTS 

Les  taxons  les  plus  importants  sur  I'lmago  d’avril  1988  sont  dilficile- 
ment  dillcrenciables  avec  les  methodes  habituollos  de  classification  (figure 
I).  En  particulicr,  la  m^thode  du  meximum  de  vraisemblance  est  insuf- 
lisantc  pour  discriminer  les  taxons  Ii6s  A  I'agriculturo.  Uno  prcmiArc  btude 
utilisant  la  bipolansation  (Dofour-'y  ot  al.,  1987)  a  pallid  ce  probldmo  mais 
resto  dillicile  A  mettre  en  oeuvre.  Une  proeddure  oxploilant  I'lnformation 
spdcifique  apportde  par  I'lndico  de  la  Vdgdtation  de  la  Difference  Norma- 
lisdo  (NDVI)  et  optimisant  cet  apport  au  niveau  des  superficies  agricoles  a 
dtd  tentde.  Elle  proedde  par  masque  et  rddtaloment  du  neo-canal  pour 
finalemont  conduiro  A  une  classification  plus  prdcise  des  taxons  qui 
constituent  I'objet  de  I'dtude  (figure  2).  Cette  mdthode  avail  ddjA  dtd 
appliqude  avec  succds  dans  un  environnement  de  typo  soudano-sahdlien 
au  Burkina-Faso  (Lambin,  1988).  Les  rdsultats  obtenus  au  Sud-Shaba  sont 
assez  satisfaisants  mais  malheureusement  restent  subordonnds  A  une 
ddfinition  prdcise  d'aires  d'entrainement. 

La  mdthode  que  nous  presentons  par  la  suite  est  plus  simple,  plus  rapide 
ct  done  plus  facile  A  oxdcuter  dans  un  processus  opdrationnel. 
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Un  premier  trailement  consisto  en  une  dassilication  par  maximum 
do  vratsemblance  sur  I'lmage  d  six  uanaux  rdsuliat  de  la  superposilion  de 
I'lmage  brute  d'avril  1 98Q  et  do  I'lmage  de  juillet  1987  corrigde  gdomStrique- 
ment  par  rapport  k  la  pr6cddente. 

Trois  classes  sont  extrailes  . 

les  sols  nus,  villages  et  pistes  communs  aux  deux  dates, 
la  livibre  et  les  zones  humides, 
lo  lubembah  (zones  mar^cageuses) 

L'lmage  de  base  est  masqube  pour  ces  trois  classes,  ce  qui  permet  dans 
un  premier  temps  d'enlever  la  classe  lubembah  qui  se  conlond  avec  la 
classe  manioc 

Une  etude  spatiale  irtroduit  un  facleur  suppibmentaire  pour  la 
diifbrenciation  entre  les  zones  de  culture  et  la  vbgbtation  environnante.  En 
eilet,  I'analyse  de  terrain  a  montrS  le  lort  contrasts  existant  entre  les  zones 
de  culture  fortement  entropiques,  concentration  et  juxtaposition  de  champs 
de  petite  taille  et  de  rbllectance  dillbrente  (mais,  manioc  et  sols  nus).  et  la 
vbgbtation  environnante  plus  homogbne. 

A  cette  tin,  nous  introdulsons  les  matrices  de  co-occurence  et  les 
parambtres  de  texture  . 

Soit  une  image  l(x,y),  1  s  x,y  £  n 

avec  0  2  l(x,y)  s  k  k  btant  le  niveau  de  gris  maximum. 

La  matrice  da  co-occurence  C  A  pour  cette  image  au  dbplacement : 

A  s  (Ax,  Ay)  est  delinie  par : 

c  r  ■ '  _  y)’  y) = 'i-  °  'a) 

sill .  'z)  y),(x-i-Ax,  y-fAy)) ;  1  ^x.  y,  x-fAx,  y-fAy  i  n } 

oil  #S  est  le  nombra  d'bibments  dans  I'ensemble  S. 

La  matrice  de  co-occurence  reprbsente  done  une  estimation  de  la 
probabilitb  qua  la  paire  de  niveaux  do  gris  (1 1  ,i2)  soit  trouvba  en  des  pixels 
dislants  de  A. 

Haralick(Haralicketai,  1973)introduitplusieursparamblres  carac- 
tbrisant  la  texture  et  notamment : 


K  k  2 

Le  contrasts  C«  S  C^(i,|) 

W1)>1 

k  k 

L'entrope  E  =  -I  I  C^(i,i)bg{C^(i.j)) 
i=1)=1 


3  RESULTATS 


Manioc 

Mats  traditionnel 
Mais  industriel 


Nombre  Surlaces 

de  pixels  (hectares) 

4729  189,16 

13407  536,28 

1924  76,96 


Le  ddveloppement  mbthodologique  mis  au  point  a  permis  la  dis- 
enmination  des  parcelles  des  pnndpalos  espbees  cultivbes.  Dans  I'btude 
des  donnbes  SPOT  multispectrales,  on  condut  A  une  fiabilitb  de  prbs  de 
80%  dans  I'estimation  des  superficies  rultivbes  par  espbees  (manioc, 
mais).  Les  rbsultats  ont  btb  bvalubs  par  photographies  abriennes  basse 
altitude. 


4  ANALYSE  ECONOMIQUE 

L'extrapolation  de  la  mbthodologie  au  niveau  rbgional  shabien  ne 
passe  plus  simplement  par  une  analyse  de  falsabllitb  mais  demands  une 
btude  prbcise  ctes  coOts  relatifs  A  I'obtention  et  au  traltement  des  donnbes. 

Dans  un  souci  d'opbrationnalitb  et  de  rbduction  des  coOts,  un 
schbma  da  travail  s'appuyant  sur  le  sondage  stratilib  -  stratification  sous- 
rbgionals  prbalable  -  semble  nbeessaire. 

La  variance  de  I'estimation  sera  d'autant  plus  rbduitb  ijue  I'bchan- 
tillonnags  se  trouvera  bien  adaptb  aux  dilfbrents  milieux  agricoles  rencon- 
trbs  C'est  A  cet  efiet  qu'une  stratification  prbalable  est  requiss.  La  strabli- 
cation  elfectube  sur  donnbes  LANDSAT  MSS  est  rbalisbe  principalement 
sur  base  de  critbres  d'occupabon  du  sol.  prbpondbrance  et  densitb  de 
certaines  cultures,  ainsi  qua  suivant  les  conditions  agro-pbdo-climatolo- 
giques  L'bchantillonnage  se  devra  done  d'btre  adaptb  dans  sa  densitb  A 
I'affectation  du  sol.  Etant  donnb  la  relative  stabilitb  du  milieu,  un  traitement 
d’enregistrements  datant  de  quelques  annbes  (six  A  sept  ans)  reste 
acceptable  dans  la  dblinition  du  domaine  agricole  et  des  grandes  forma¬ 
tions  naturelles.  L'analyse  numbrique  des  donnbes  CCT  MSS  pourra 
encore  conduire  A  ne  conserver  que  le  domaine  agricole  qui  sera  dbfini  plus 
profondbment  dans  des  bludes  ullbrieures.  Les  zones  n’ayantaucune  cul¬ 
ture  d'intbrbt  seront  regroupbes  au  sein  d'une  mbme  strate  qui  ne  fera 
I'objet  d'aucune  enqubte  et  ne  nbcessitera  done  pas  I'achat  de  donnbes 
haute  rbsolution  pour  une  investigation  plus  fine. 


L'honxjgbnbitb  H»  Z  I  {C^{i,i))^ 

Ulj.1 

Les  trois  parambtres  contrasts,  entropie,  homogbnbitb  sont  cal- 
culbs.  dans  une  matrice  de  convolution  3x3,  sur  chacun  des  canaux  de 
I'lmage  d'avril  88.  Le  rbsultat  est  une  image  conienant  neul  nouveaux  nbo- 
canaux  spectraux  refibtant  les  relations  spatiales  entre  les  pixels. 

Plusieurs  constatations  vont  nous  permettre  de  rbduire  la  quantilb 
de  donnbes  produites. 

-  le  parambtre  entropie  fortement  corrbib  au  parambtre  homogbnbitb 
peut  btre  bliminb, 

-  les  parambtres  calculbs  sur  la  canal  XS3  refibtent  le  mieux 
I'hbtbrogbnbitb  spatiale  des  zones  de  culture 

Les  deux  nbo-canaux  'homogbnbitb'  et  'contraste'  calculbs  sur  le 
canal  XS;3  sont  ajoutbs  aux  trois  canaux  de  I'lmage  d'avril. 

Les  b'apis  de  la  proebdure  sont  les  suivantes. 

1 )  Une  prrmibre  classification  par  hypercubes  sur  cette  image  A  cinq 
canaux  masqube  afin  d'extraire  la  classe  manioc.La  classificaliun 
par  maximum  de  vraisemblance  n'est  plus  applicable,  la  distribu¬ 
tion  dc-^  classes  n'uidiii  plus  guussiunno. 

2)  Masqvage  de  I'image  par  la  classification 

3)  Classilicaliop  par  hyporcubes  sur  I'image  A  cinq  canaux  masqube 
pour  obtenii  I.  classe  mais  traditionnel 

4)  Classification  ,'u'  hypercubes  sur  I'image  de  base  A  trois  canaux 
masqube  jsour  c'l.onir  le  mais  industriel. 


C'est  au  niveau  de  la  strata  que  sera  effectub  l'bchantillonnage, 
I'unitb  statistique  de  base  est  appelbe  gbnbralement  'segment',  on  proebde 
A  un  sondage  systh.-natique  de  carrbs  ou  segments  d'une  superficie  dbfinie 
(environ  50  ha).  Le  taux  de  sondage  est  fixb  prbalablement,  on  comptera 
nbanmoins  un  minimun  de  30  segments  par  strate.  Ces  segments  seront 
investigubs  sur  le  terrain,  I'enqubte  dbterminera  les  pourcentages  des 
diffbrentes  occupations  du  sol  dans  le  segment. 

Ces  segments  feront  bgalement  I'objet  d'une  btude  et  cartographie  prbcise 
par  classification  des  donnbes  SPOT  multispectrales  (analyse  texturale)  et 
donneront  done  une  nouvelle  estimation  des  pourcentages  d'occupations 
du  sol 

La  mbthode  dile  de  I'estimateurderbgression  permettrad'accroitre 
la  prbaslon  de  I'estimation.  Elle  consiste  A  utiliser  parallblement  les 
donnbes  terrain  et  les  donnbes  de  la  classification  sur  les  segments  afin  de 
construire  une  droite  de  rbgression.  Cette  droite  de  rbgression  permet  de 
calculer  le  bials,  sous-estimation  ou  surestimation,  introduit  par  la  classifi¬ 
cation  et  ainsi  corriger  I'bvaluation  initiate  au  niveau  global.  Si  on  ambliore 
par  ce  redressement  les  donnbes  statistiques,  la  cartographie  au  niveau 
rbgional  ne  s'en  trouve  pas  plus  prbcise.  A  cet  bgard,  une  mbthode  devrait 
faire  I'objet  d'attentions  (Defourny  et  al.,  1987). 

Le  dbveloppement  d'un  processus  d'analyse  diachronique  des 
donnbes  sur  chaque  zone  (banque  de  donnbes  locales)  permettra  un  suivi 
des  superficies  mises  en  cultures  paresobces  d'annbes  en  annbes,  touten 
rbduisant  le  temps  et  le  cout  des  traltements. 
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5  CONCLUSIONS  ET  PERSPECTIVES 

L'^tude  entroprise  a  permis  de  prouver  qu'il  dtail  possible  de 
dill^rencier  les  surfaces  de  culture  d  I'aide  des  donnSes  SPOT  multlspec- 
trales. 

Copendant,  I'anal/se  de  la  production  d'une  culture  passe  par 
I’estimation  du  produit  surface  -  rendement. 

Si  la  composante  surface  est  obtenue  par  les  enregislrements  d 
haute  resolution  SPOT  multispectral,  I'estimation  des  rendements  fait 
appol  e  d'autres  criteres  Elle  necessite,  en  ellet,  des  observations 
frequentes  de  I'dtat  de  la  vegetation  tout  au  lung  de  la  saison  agncote  alin 
de  permettre  par  Tintegration  des  parametres  une  meilleure  evaluation  des 
rendements 

Le  schema  global  d'unr  etude  des  productions  agricoles  passe 
done  par  Tintegration  et  Tintoraction  des  dilierentes  plate-formes  salelli- 
taires. 

Enregistrement  LANDSAT  MSS  pour  la  delimitation  et  revaluation 
des  superficies  totales  cultivees,  de  mema  que  pour  la  stratillcation 
prealable  au  sondage. 

Enregistrement  SPOT  multispectral  pour  la  determination  des  sur¬ 
faces  cultivees  par  especes  au  niveau  local,  classification  des  seg¬ 
ments 

Enquete  de  terrain  qui  vise  e  collecter  les  donnees  (type  de  culture, 
pourcentages  d'occupation,.. )  sur  les  segments  spatiaux  deiinis  sur 
images  teiedetectees  aim  de  corriger  le  biais  des  classilications 
regionales. 
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ABSTRACT 


The  ooomel7  of  overlapping  oblique  SPOT  images  can  be  exploited  to  produce  digital  elevation 
models,  orlholmages  and  line  maps  with  a  high  degree  ol  automation.  An  end-to-end  s/slem  has 
been  developed  at  University  College  London  as  part  of  an  Alvey  project  in  collaboration  with 
Thorn  EMI  Central  Research  Laboratories,  Laser-Scan  Laboratories,  RSRE  Malvern  and  the 
Department  of  Computer  Science,  UCL.  Funding  was  provided  by  SERC,  the  UK  Department  of 
Trade  and  Industry  and  the  UK  Ministry  of  Defence.  The  system  generates  mapping  products 
using  aulomatic  matching  of  stereoscopic  images  to  produce  image  disparities;  a  dynamic 
camera  model  which  makes  use  of  the  SPOT  header  data  with  as  few  as  2  control  points  and  which 
can  be  extended  over  a  strip  of  models;  Interseclion  of  points  In  the  model  space  lo  produce  a 
digital  elevation  model  from  the  disparities  and  the  resampling  ol  the  data  using  the  DEM  to 
produce  orthoimages.  Validation  takes  place  through  In-bullt  checks  and  comparison  with 
three-  dimet.slonal  co-ordinates  obtained  by  other  methods  such  as  aerial  photographs  or 
ground  survey.  Line  Information  can  at  present  be  extracted  from  hard  copy  Images  on  a  Kern 
DSR  analytical  plotter  but  developments  are  taking  place  so  that  this  can  be  done  on  the  Sun 
woikstallon  on  which  the  digital  system  Is  running.  Very  fast  processing  speeds  can  be  achieved 
through  the  use  of  a  Parsys’"  Supernode  transputer  machine  which  allows  matching  of  2 
complete  SPOT  scenes  In  120  minutes- 

The  current  camera  model  gives  an  accuracy  of  better  than  10m  In  plan  and  height  when  checked 
with  40  ground  control  points.  An  Improved  model  Indicales  similar  or  better  accuracy  with 
only  2  ground  control  points.  The  digllal  terrain  model  has  been  checked  against  data  derived 
from  aerial  photographs  and  gives  a  root  mean  square  error  of  1 1  m  when  compared  wilh  28053 
points  over  a  1 2.4km  x  6.9km  area. 
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RADIOMETIUC  COMPARISON  OF  LANDSAT-6  TM  AND  SPOT  HRV  1  SENSORS 
FOR  THE  USB  IN  MULTIPLE  SENSOR  APPROACHES 
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Inttitite  (ot  Rtmote  Sensing  Applications 
Lub.  for  Image  Piocessing 

Commission  of  tbe  European  Commnnitiea 
Joint  Reseaicb  Center 
1-21020  Ispta  (Va),  Italy 


Abstract 

This  paper  analyses  the  geometric  and,  in  particular,  the  radiometric 
accuracy  of  SPOT  HRV-1  data  in  comparison  to  Landsat-b  TM 
imagery.  We  use  concurrent  I'M  and  SPOT  images  recorded  almost 
simultaneously  over  the  southern  Ardeche  tepon  (Prance),  both  data 
sets  being  available  on  system  conected  CCT.  The  TM  and  SPOT 
scenes  conld  be  registered  to  map  projection  with  sub-pixel  accnracy, 
while  a  common  pixel  size  of  30  x  30  m  was  maintained.  The 
mountainous  character  of  the  study  region,  however,  required  the  use  of 
digital  elevation  data  for  the  compensation  of  relief  induced  distortions. 
The  radiometric  comparison  of  TM  and  SPOT  uses  the  apparent 
reflectances  of  28  reference  targets  representing  a  wide  range  of  vegetated 
and  non-vegetated  cover  types.  Terrain  slopes  were  generally  less  than 
10  percent  and  conridered  insignificant.  While  a  very  good  match  of  TM 
and  SPOT  reflectances  in  the  visible  bands  could  be  stated,  a 
connderable  disaepancy  was  found  concerning  the  calibration  of  the 
near-infrared  channel  of  the  SPOT  HRV-1  sensor.  A  calibration 
adjustment  was  performed  with  reference  to  the  contemporary  TM  scene, 
and  both  scenes  were  conected  for  atmospheric  absorption,  scattering 
and  pixel  adjacency  effects.  It  is  demonstrated,  that  identical  values  of 
the  normalized  difference  vegetation  index  (NDVI)  can  be  obtained  from 
both  sensors,  once  proper  calibration  data  are  provided. 

Key  Words:  Landsat-S  TM,  SPOT  HRV-1,  geometric  registration, 
radiometric  comparison,  sensor  calibration,  atmospheric  corrections, 
NDVI. 


1.  Introduction 

Multi-temporal  approaches  to  monitoring,  cissofication  and  mapping  of 
agricultural  aops  and  natural  vegetation  in  Central  Europe  are  often 
hampered  by  the  lack  of  suitable  imagery  due  to  the  frequent  cloud 
cover.  The  joint  use  of  Landsat-5  Thematic  Mapper  and  SPOT  data  in 
mni'iple  sensor  approaches  can  help  solnng  some  acquintion  problems. 
The  processing  of  multi-temporal  data  involves  techniques  for  data 
compression  and  image  classification,  in  simple  approaches,  the 
ciassification  of  muitipie  sensor  data  sets  would  be  based  on  all  avaiiabie 
data  channels.  A  reduction  of  the  data  volume  is  mostly  achieved  by 
channel  ratioing  or  the  use  of  linear  transformations.  Any  quantitative 
analysis  of  the  resulting  features,  however,  is  facilitated  if  comparable 
wavebands  can  be  used  for  the  calculation  of  greenness  indices  (i.e. 
NDVI).  This  requites  that  the  differences  between  comparable 
wavebands  are  not  too  great  to  permit  direct  ccmparisons. 


Before,  however,  any  effort  is  made  to  use  multiple  sensor  configurations, 
the  relationship  between  the  sensor  systems  (spatial  resolution,  viewing 
geometry,  orbital  characteristics)  and  their  corresponding  wavebands 
needs  to  be  evaluated. 


2.  Data  sets 

This  paper  analyses  the  geometric  and,  in  particular,  radiometric 
accuracy  of  Landsat-5  TM  and  SPOT  HRV  1  data  by  using  scenes 
which  both  were  acquired  at  the  same  day  (29-09—1986)  over  the  JRC 
study  site  in  the  Departement  Ardeche  (France).  The  area  is  located 
about  40  km  south  of  Lyon  and  extends  from  the  Rhone  valley  (100  m 
amsl)  towards  the  eastern  'Massif  Central'  where  altitudes  of  about  1700 
m  ate  reached  (Hill  &  Megier,  1988).  The  TM  and  SPOT  scenes  were 
recorded  with  a  time  diffetet;ce  of  one  hour  which  results  in  r.  rrrrnor 
change  of  illumination  geometry  (table  I),  but  it  can  be  assumed  that 
there  was  no  significant  change  in  atmospheric  conditions.  The  SPOT 
data  set  includes  two  subsequent  scenes  from  the  same  orbit 


Table  1.  TM  and  SPOT  scene  characteristics 

TM  SPOT 


Acquisition  date 

29-Sep-1986 

WRS  frames 

197/29 

47/260&231 

Scene  location 

44.6  N 

44.2  N 

3.72  B 

3.85  B 

Acquisition  time 

9.49 

10,47 

Sun  elevation 

37.42 

42.20 

Sun  azimuth 

145.92 

163.95 

Instr.  tilt 

- 

R2.4 

which  are  both  located  within  the  coverage  of  TM  quarters  2  and  4. 
Since  the  observation  geometry  for  the  two  data  sets  comprise  only  view 
angles  of  0  to  5  degree  for  TM,  and  -4.1  to  -2.0  degree  (or  SPOT,  nadir 
viewing  is  assumed  for  the  radiometric  analysis. 

The  TM  image  was  acquired  as  system  conected  CCT,  the  SPOT  scene 
rs  a  level  lb  product. 

3.  Geometric  registration 

The  first  step  in  generating  multiple  sensor  data  sets  is  the  geometric 
registration  of  the  images  to  a  common  map  grid,  h  this  case,  a  pixel 
size  of  30  X  30  m  was  maintained  for  the  geocoded  data,  which  implied 
the  resampling  of  SPOT  data  to  TM  ground  resolution. 
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It  ii  known  that  system  collected  TM  data  and  SPOT  level  lb  piodncts 
are  of  exceptionally  good  geometric  quality  which  allows,  over  level 
terrain,  geodetic  rectifications  to  sub-pixel  precision  by  means  of  first 
order  polynomials.  But  for  high  resolution  satellite  imagery  such  scene 
distortions  have  become  important  which  are  due  to  local  variations  in 
terrain  altitude.  The  resulting  horizontal  displacement  of  ground  features 
(relief  displacement)  is  known  to  cause  misregisttation  of  multi-ternporal 
overlays,  especially  in  high  relief  a'eas  as  our  study  region. 

Since  TM  system  corrected  data  and  SPOT  level  IB  products  ate 
already  conected  for  internal  scan  distortions  (i.e.  non-linearity  of 
mirror  motion,  earth  curvature  effects,  panoramic  distortion),  scan  skew 
and  sensor  attitude  variations,  both  images  can  he  assumed  to  form 
geometrically  a  series  of  near-orthogonal  projections  in  along-track 
direction  and,  across-track,  a  series  of  parallel  perspective  projections 
(Kohl  k  Hill,  1988). 

The  elimination  of  relief  displacement  effects  can  therefoie  be  bruited  to 
a  conection  of  the  respective  pixel  position  within  a  scan  bne 

Py'  =  Py  ±  h  tan  ^  (3.1) 

where  Py'  denotes  the  conected  y-coordinate,  and  Fy  is  the  original 
position  of  the  pixel  within  the  image  bne;  h  is  the  tenain  elevation  at 
the  respective  map  position  and  i  gives  the  observation  angle  at  the 
image  pixel  which,  in  the  case  of  SPOT,  includes  also  the  instrument  tilt 
angle  «  .  The  sign  of  the  offset  depends  on  the  pixel  position  relative  to 
the  bne  nadir  (Kohl  k  HiU,  1988). 

The  geometric  registration  process  of  both  scenes  consequently  combined 
GCP-based  affine  transformations  and  the  conection  of  terrain  induced 
image  distortions.  By  using  a  commerciaUy  available  DEM  of  250  x  250 
m  grid-resolution  only,  sub-pixel  accuracy  was  achieved  for  the 
geometric  rectiCcation  of  both  data  sets. 

4.  Radiometric  comparison  and  sensor  cabbration 

Many  research  and  operational  appbeations  require  the  conversion  of 
distal  count  values  (DN)  to  quantitative  physical  values.  The  apparent 
at-satelbte  reflectance  p*  compensates  for  differences  in  illumination 
geometry  and,  assuming  iambertian  ground  reflectance,  can  be  computed 
for  a  given  spectral  band  with 

X  L 

p*  = -  (4.1) 

Eo  co8((lo)  d 

where  is  the  solar  zenith  angle  and  d  is  a  correction  coefficient  for 
the  actual  sun-earth  distance.  The  exoatmospheric  solar  inadiance  Eq 
for  the  Thematic  Mapper  and  SPOT  HRV-1  bandpasses  is  obtained 
from  Markham  k  Barker  (1987)  and  Price  (1988)  (figure  1).  The 
computation  of  the  at-satelbte  measured  spectral  radiance  involves  the 
use  of  respective  cabbration  functions. 

4  1  TM  cslibmtion 

Thematic  Mapper  radiances  Ltn  [mW/cm^/sr//im)  for  the  six  reflective 
channels  are  calculated  with 

bin  =  ao  +  aj  DN  (4.2) 

In-fbght  cabbration  gains  (aj)  and  offsets  (ap)  have  been  assessed 
through  a  series  of  contemporary  ground  measurements  at  the  large 


uniform  gypsum  sand  area  of  White  Sands,  New  Mexico  (Slater  et  al., 
1986,  1987).  Based  on  these  measurements,  updated  calibration  constants 
were  defined  for  TM  bands  1  to  4;  no  changes  were  appbed  to  TM  band 
5  and  7  (Hill  k  Sturm,  1989)  (table  2).  The  vi^dity  of  the  new 
cabbration  fnnebons  was  confirmed  by  a  number  of  ground  measure- 

Table  2  Updated  TM  cabbration  constants  acc.  Slater  et  al.  (1986) 


pre-flight  (ESA)  Update  1984/1985 


Band 

»0 

»1 

ao 

»1 

TMl 

-0.1009 

0.0636 

-0.1331 

0.0727 

TM2 

-0.1919 

0.1262 

-0.2346 

0.1385 

TM3 

-0.1682 

0.0970 

-0.1897 

0.1102 

TM4 

-0.1819 

0.0914 

-0.1942 

0.0885 

TM5 

-0.0398 

0.0126 

unchanged 

unchanged 

TM7 

-0.0203 

0.0067 

unchanged 

unchanged 

ments  which  were  carried  out  by  JRC's  radiometric  measurement  group 
during  TM  overflights  in  1984  (Maracci  et  al.,  1986),  1986  and  1988 
(Maracd,  pen.  communication).  Since  no  evidence  was  found  for  a 
strong  degradation  of  the  TM  system  response  with  time,  the  updated 
TM  cabbration  was  chosen  as  reference  for  the  foUowing  comparisons. 

4.2  SPOT  calibration 

At-satelbte  radiance  Ljpot  [W/mVar//Jmj  for  each  SPOT  HRV  band  is 
obtained  from 

Lspot  =  ;DN  (4.3) 

The  respective  cabbration  factors  a  are  monthly  updated  by  using  the 
on-board  sun  cabbraior  and  provided  on  each  CCT.  The  absointe 
cabbration  gains  for  the  scene  under  study  are  given  in  table  3. 

Table  3.  SPOT  cabbration  gains 

XSl  0.90482 
XS2  0.84505 
XS3  0.92705 


Figur*  2:  Lac  Coucouron  (Ardecha) 
Comparlaon  of  the  apparent  reflectance 
from  coincident  TM  and  SPOT  imagery 
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Figure  3:  River  Bank,  Vallon  (Ardeche) 
Comparlaon  of  the  apparent  reflectance 
from  coincident  TM  and  SPOT  Imagery 
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Figure  4:  Dedduoua  Foreet  (Ardeche) 
Comparison  of  the  apparent  reflectance 
from  coincident  TM  and  SPOT  Imagery 
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TLe  in-lliglit  calibratioa  device  of  SPOT  nu  also  tested  daring  a 
measarement  campaign  wbicl  took  place  at  White  Sands  in  March  1986. 
After  respective  adjnstments,  a  precision  of  ±  S.4%  was  specified  for  the 
SPOT  HRV  calibration  (Begni  et  al.,  1986). 

4.3  Radiometric  comparison  of  the  TM  and  SPOT  HRV— 1  instrument 

Totally  28  teat  sites  were  selected  for  the  compaiison  between  TM  and 
SPOT  radiance  levels,  15  of  which  are  vegetated  targets  with  a  good 
variety  of  canopy  conditions,  8  are  bare  soil  sarfaces  and  5  are  water 
targets.  All  sites  ate  located  on  flat  terrain  in  order  to  minimine  effects 
which  ate  due  to  the  different  sun  illomination. 

A  comparison  of  the  apparent  reflectances  tecotdel  from  TM  and  SPOT 
revealed  always  a  very  good  agreement  between  the  comparable  bands  in 
the  visible  part  of  the  spectrum.  This  proves  the  validity  of  the 
respective  calibration  functions  and,  in  addition,  it  confirms  the 
assumption  of  stable  atmospheric  conditions  between  the  data 
acquisitions.  For  all  targets,  however,  too  high  a  signal  level  was  found 
in  the  neat-infrared  channel  of  SPOT,  which  indicates  that  the  1986 
calibration  update  for  the  HRV-1  band  XS3  has  not  been  adequate 
(Cgnte  2-4). 

Since  there  is  strong  evidence  that,  in  1986,  the  updated  TM  calibration 
yields  reliable  at-satellite  radiances,  it  was  attempted  to  correct  the  XS3 
calibration  with  reference  to  the  contemporary  TM  measurements.  The 
corrected  p*xt3  for  each  reference  target  has  been  approidmaied  by 
using  a  polynomial  interpolation  between  the  TM  bands  1  to  4. 
Interpolated  SPOT  XS3  radiances  Lxd'  were  then  obtained  by 
inverting  equation  (4.1)  (figure  2-4). 

A  linear  regression  between  interpolated  radiances  and  XS3  grey  levels 
gave  the  updated  calibration  function 

=  -0.269  +  0.0962  DN.^  (4  4) 

with  a  regression  coefficient  of  0.9978.  The  results  obtained  with  this 
calibration  agree  clearly  better  to  the  coincident  TM  measurements 
(figure  2-4),  and  have  therefore  been  used  in  the  further  analysis. 

Since  the  SPOT  instrument  by  definition  has  no  calibration  offset,  it  is 
assumed  that  the  bias  value  must  be  attributed  to  remaining 
uncertainties  in  the  TM  calibration  or  the  interpdation  method.  The 
multiplicative  term  only  would  correspond  to  an  absolute  calibration 


gain  a  =  1.0395.  Compared  to  the  coefficient  provided  on  tape,  this 
means  an  increase  of  12.13  %,  which  conforms  rather  well  to  the  lut 
communications  abont  the  absolute  calibration  of  SPOT.  New 
measurements  taken  over  White  Sands  and  snow  surfaces  have  actually 
confirmed  the  calibration  of  bands  1  and  2,  but  the  calibration 
coefficient  for  band  3  had  to  be  increased  by  8  %  (Begni  1988). 

5.  Comparison  of  TM  and  SPOT  vegetation  indices 

Field  experiments  have  shown  that  important  parameters  u  leaf  area 
index,  absorbed  photcsynthetic  active  radiation  and  wet  and/or  dry 
biomass  ate  related  to  the  normsliaed  difference  vegetation  index 
(NDVI)  or  similar  combinations  of  wavebands  in  the  viable  and 
near-infrared.  It  is  evident,  that  the  joint  use  of  TM  and  SPOT  data  for 
the  quantitative  observation  of  such  variables  depends  heavily  on  the 
reliability  of  each  systems's  calibration. 

Since  atmospheric  conditions  may  introduce  additional  variability  in  the 
vegetation  indices  obtained  from  different  sensors,  the  TM  and  SPOT 
scenes  were  corrected  for  atmospheric  absorption,  Kattering  and  pixel 
adjacency  effects  according  to  a  radiative  transfer  model  derived  from 
the  one  developed  by  Tanre  et  al.  (1979): 

T(/io)  l‘d(/t)  Pt  +  »s(rt  <P>1 

P*  =  »o3  {/>at  + - }  (6'1) 

1  -  <p>  s 

where  pt  >>  Ihe  target  reffectance  ,  <p>  the  background  contribution 
to  the  apparent  reflectance  and  s  is  the  sperical  albedo.  Put  denotes  the 
intrinsic  atmospheric  signal  component,  T(/ro)  the  total  downward,  td(/r) 
the  diffuse  and  tt(p)  the  scattered  upward  transmittance;  to3  pves  the 
ozone  transmittance. 

The  atmospheric  key  parameter  of  aerosol  optical  thickness  r  was 
estimated  from  the  TM  signal  obtained  over  clear  lakes,  and  then  fitted 
to  the  so-called  Angstrom  relation  which  allowed  to  retrieve  compatible 

processing  parameters  for  the  SPOT  scene. 

For  each  of  the  reference  targets,  SPOT  and  TM  vegetation  indices  were 
calculated  based  on  the  retrieved  ground  reflectance  pt  (figure  5-6)  in 
the  conesponding  channels  of  the  visible  ted  and  the  near-infrared.  The 
comparison  was  based  on  vegetated  and  bare  soil  targets  only,  and  it 
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revelled  i  liguCcut  lineir  lelitioii  (i  =  0.998)  between  tbe  NDVI  of 
SPOT  and  TM  (figure  7); 

NDVI, pot  =  -0.0054  +  0.9904  NDVlu  (5.2) 

It  it  denronitrated  tbit  practically  identical  index  valnea  are  obtained, 
once  agitable  calibration  data  are  provided.  Tbete  reanlta  completely 
agree  with  exiating  evalnationa  of  vegetation  indicea  for  nmnlated 
Landeat-5  TM  and  SPOT-1  data  (Gallo  k  Daugktry,  1987). 

6.  Conclouona 

TM  and  SPOT  data  can  be  regiatered  to  a  common  map  grid  of 
30  X  30  m  gronnd  reacdition  with  tib-pixd  accsracy.  In  cue  of 
monntainona  relief,  digital  elevation  data  moat  be  included  in  the 
correction.  Local  miaregittrationt  are  only  due  to  the  different  reaampling 
algorithma  uaed  throughout  the  ayatem  conectiona,  aince  TM  producta 
from  EURIMAGB  are  not  available  with  cubic  convolution  reaampling. 

The  anilyait  of  coincident  TM  and  SPOT  acquiaitiona  over  the  aame 
area  gave  no  evidence  for  a  further  calibration  adjuatment  in  the  viaible 
banda  of  both  ayateiru.  A  atrong  diacrcpancy,  however,  waa  found 
between  TM  band  4  and  the  SPOT  near-infrared  channel  XS3,  which 
could  be  attributed  to  a  miacilibration  of  the  SPOT  band.  In  the 
meanwhile,  SPOT  IMAGE  haa  confirmed  that  the  calibratioj  of  XS3 
had  to  be  adjuated,  but  the  date  of  the  reinitialization  of  the  on-board 
calibrator  waa  not  communicated. 

The  validity  of  the  TM  calibration  updatea,  which  were  baaed  on  the 
ground  meaanrementa  at  White  Sanda,  haa  been  confirmed.  Thia  auggeats 
that  TM  can  be  uaed  aa  calibration  reference  for  further  evaluationa  of 
thia  type. 

TM  and  SPOT  data  permit  a  quantitative  analyaia  in  terma  of  ground 
reflectancca,  once  auitable  calibration  data  are  provided.  Since  both 
ayatema  provide  identical  greeneaa  indicea  (NDVI),  a  wide  range  of 
applicationa  in  agricultural  monitoring  and  vegetation  observation  can  be 
approached  by  uaing  multiple  aensor  data  aeta  which  involve  TM  and 
SPOT  imagery. 
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ABSTRACT 

Neural  network  learning  procedures  are  applied  to  the 
classification  of  multisource  remote  sensing  data.  Statistical 
methods  are  used  to  classify  the  same  data.  Experimental 
results  are  given  and  a  comparison  is  made  between  the  two 
different  approaches.  The  main  emphasis  in  the  comparison 
is  in  terms  of  classil  cation  accuracy  but  other  factors  such  as 
ease  of  implementation  and  speed  of  algorithms  are  also 
considered.  Two  methods  show  \ery  good  performance: 
statistical  muUisource  analysis  and  in  the  neural  network 
case,  the  generalized  delta  rule. 

Keywords:  Classification,  muitisource  data,  three-layer  neural 
networks,  statistical  distributions. 

1.  INTRODUCTION 

Recently,  there  has  been  a  great  resurgence  of  research 
in  neural  networks.  New  and  improved  neural  network 
models  have  been  proposed  to  classify  complex  data.  In  the 
remote  sensing  community,  the  question  of  how  well  these 
neural  network  models  work  as  classifiers,  compared  to 
statistical  classification  methods,  is  very  important.  In  this 
paper  neural  networks  for  classification  of  multisource 
remotely  sensed  and  other  geographic  data  are  implemented 
and  compared  to  some  statistical  approaches  using 
preliminary  experimental  results.  By  multisource  data  we 
mean  data  from  more  than  one  distinct  data  source.  In  the 
experiments  the  data  are  Landsat  MSS  data  (4  spectral 
bands)  and  topographic  data  which  consist  of  elevation  (1 
data  channel),  slope  (1  data  channel)  and  aspect  (1  data 
channel).  The  area  used  for  classification,  a  mountainous 
area  in  Colorado,  is  the  same  area  used  in  [ij.  The  training 
data  and  test  data  are  also  the  same  as  used  in  jl],  831 
training  pixels  and  1188  test  p'lxels.  The  area  has  10  ground 
cover  classes,  most  of  them  forest  types  as  shown  in  table  1. 
It  is  very  difficult  to  distinguish  among  these  forest  types 
using  just  the  Landsat  MSS  data  alone;  they  show  very 
similar  spectral  response.  With  the  help  of  elevation,  slope 
and  aspect,  the  various  forest  types  can  be  distinguished.  A 
problem  with  using  conventional  multivariate  statistical 
approaches  for  the  topographic  data  is  that  the  Gaussian 
distribution  cannot  be  assumed  for  the  ground  cover  classes 
as  in  the  case  of  the  Landsat  data.  This  means  that  the 
conventional  Gaussian  maximum  likelihood  method  is  not 
appropriate  for  application  to  topographic  data.  Another 
common  problem  with  statistical  classification  methods  is 
that  the  data  sources  are  not  equally  reliable.  This  means 
that  the  data  sources  need  to  be  weighted  according  to  their 
reliability  but  most  statistical  classification  methods  do  not 
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have  such  a  mechanism. 

The  neural  networks,  on  the  other  hand,  are  non- 
parametric  in  the  sense  that  no  prior  knowledge  of  the 
statistical  distribution  of  the  data  is  needed.  This  is  an 
obvious  advantage  over  most  statistical  classification 
methods,  which  face  the  problem  of  modeling  the  data,  a 
difficult  task  when  the  distribution  functions  are  not  known 
or  when  the  data  are  distinctly  non-Gaussian.  The  neural 
networks  also  automatically  take  care  of  the  problem 
involving  how  much  weight  each  data  source  should  have. 

2.  PRELIMINARY  EXPERIMENTAL  RESULTS 
USING  STATISTICAL  APPROACHES 

Four  statistical  methods  were  used  in  the  preliminary 
experiments  performed  here:  1)  minimum  Euclidean  distance 
|2|,  2)  maxim'.'m  likelihood  algorithm  for  Gaussian  data  |2], 

3)  minimum  Mahalanobis  distance  for  Gaussian  data  [2]  and 

4)  statistical  multisource  classification  |1,3|.  The  first  three 
methods  are  "simple"  stacked-vector  approaches  which  are 
not  expected  to  give  a  good  performance  in  terms  of 
classification  accuracy  for  the  multisource  data.  Our  initial 
attempt  at  classifying  the  data  with  the  first  three  methods 
was  to  use  the  training  fields  for  training  and  the  test  fields 
for  testing.  Using  the  training  fields  directly  for  training  was 
not  possible  because  methods  2  and  3  use  the  inverse  of  the 
class  specific  covariance  matrices  in  the  classification.  Some 
of  the  information  classes  have  no  variation  in  the  elevation, 
slope  and  aspect  data.  Therefore,  the  covariance  matrices 
become  singular  for  those  classes.  To  be  nevertheless  able  to 
apply  methods  2  and  3  in  classification,  the  data  was 
clustered,  with  the  initial  means  being  selected  as  the  means 
of  the  training  classes.  The  clustering  algorithm  used 
(ISODATA  algorithm)  converged  in  13  iterations  and  gave 
10  very  separable  clusters.  The  mean  vectors  and  the 
covariance  matrices  of  these  10  clusters  were  then  used  in  the 
classifications  with  algorithms  1,2  and  3.  The  results  of  the 
classifications  are  shown  in  tables  2.a,  and  2.b. 

Although  the  data,  which  we  know  are  not  Gaussian, 
were  assumed  to  be  Gaussian,  in  application  of  thu  maximum 
likelihood  algorithm  and  the  Mahalanobis  distance,  these 
algorithms  showed  better  results  than  the  Euclidean  distance. 
However,  the  overall  accuracy  of  the  test  pbrels  was  only 
about  49..'>%  for  both  the  maximum  likelihood  method  and 
the  Mahalanobis  distance. 

As  noted  above,  the  multisource  data  set,  the  training 
data  and  test  data  are  the  same  as  used  in  |lj  with  statistical 
multisource  analysis.  The  statistical  multisource  algorithm 
treats  the  data  sources  independently  in  training  and 
combines  the  information  from  the  sources  in  classification. 
In  [Ij  the  Landsat  data  are  treated  as  Gaussian  but  all  the 
data  in  the  topographic  data  sources  are  non-Gaussian.  If  the 
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best  results  reported  in  [ij  (i.e.,  with  ihe  weighting  that  gives 
the  highest  accuracy  for  training  data  and  the  weighting  that 
gives  highest  accuracy  for  testing)  and  displayed  in  tables  3.a 
and  3.b  are  compared  to  the  results  shown  in  tables  2.a  and 

2.b,  it  is  clear  that  the  statistical  inultisource  algorithm  is 
superior  to  all  the  "simple"  statistical  methods.  ALso,  the 
"low"  classification  accuracy  reported  in  (1)  shows  how 
difficult  it  is  to  classify  the  data  correctly. 

3.  THE  NEURAL  NETWORK  APPROACH 

A  neural  network  is  a  network  of  neurons  where  a 
neuron  can  be  described  in  the  following  way:  A  neuron  has 

many  input  signals  (continuous-valued)  Xj  ,  j  =  1,2 . N 

which  represent  the  activity  on  the  current  input  line  or  the 
momentary  frequency  of  neural  impulses  delivered  by 
another  neuron  to  this  input  [5).  In  the  simplest  formal 
model  of  a  neuron,  the  output  frequency  o  is  often 
approximated  by  a  function 

o=K-'^EWjXj  -0) 
j-i 

where  K  is  a  constant  and  di  is  a  nonlinear  function  which 
takes  the  value  1  for  positive  arguments  and  -1  (or  0)  for 
negative  arguments.  The  Wj  are  called  synaptic  efficacies  [5] 
or  weights,  and  d  is  a  threshold. 

In  the  neural  network  approach  to  pattern  recognition 
the  neural  network  operates  as  a  black  box  which  receives  a 
set  of  input  vectors  x  (observed  signals),  and  produces 
responses  o,  on  its  output  ports  i  (i  =1,....L  where  L  depends 
on  the  number  of  information  classes).  A  general  idea 
followed  in  neural  network  theory  is  that  the  outputs  are 
either  o,  =  1  (if  neuron  i  is  active  for  the  current  input 
vector  x)  or  Oj  =  -1  (if  it  is  inactive).  This  means  the  signal 
values  are  coded  as  binary  vectors  and  for  a  specific  input 
vector  X  the  outputs  give  the  binary  represeatation  of  its 
class  number.  The  process  is  then  to  lea'n  the  weights 
through  an  iterative  training  procedure.  When  the  training 
procedure  has  converged,  the  data  are  fed  into  the  network 
for  the  classification  and  the  network  returns  at  the  output 
the  binary  representation  of  the  class  number  of  each  pixel. 

3.1  Preliminary  Experimentai  Reauits  Using  Neurai 
Network  Models 

Two  neural  network  approaches  were  implemented  in 
experiments  to  classify  the  data:  the  delta  rule  [4]  and  the 
generalized  delta  rule  [4|.  The  neural  networks  were  trained 
with  binary  input  vectors.  Since  five  of  the  seven  data 
channels  take  values  in  the  range  from  0  to  255,  each  data 
channel  was  represented  by  8  bits  and  therefore  8  input 
neurons.  The  total  number  of  input  neurons  was  7*8  =  56. 
Since  the  number  of  training  classes  was  10,  the  number  of 
output  neurons  was  selected  as  4.  The  weights  in  the  neural 
networks  were  said  to  converge  if  the  cumulative  squared 
difference  of  weights  for  each  connection  between  successive 
passes  through  the  training  data  was  less  than  0.1. 

3.1.1  Experiments  with  the  Delta  Rule 

The  delta  rule  for  updating  weights  in  presentation  of 
input  pattern  number  k  can  be  written  as: 

W(k)  =  W(k-l)  +  n\t(k)  -  W(k-l)x(k)jx'^(k) 

where  x(k)  is  the  input  pattern  presented  on  the  kth 
presentation,  t(k)  the  desired  output  for  presentation  k, 
W(k)  the  state  of  the  weight  matrix  describing  ^he  network 
after  k  pre.sentation3  and  rj  a  gain  factor  (learning  rate).  A 
possible  choice  of  t;  is  r;  =  C/ncycle,  where  C  is  a  constant 
and  ncycle  the  number  of  the  learning  cycle.  That  particular 
choice  of  r/  forces  the  weight  matrix  W(k)  to  converge  after 
several  iterations.  In  all  the  experiments  below,  the  initial 
gain  factor  was  arbitrarily  selected  as  0.3.  The  delta  rule 
which  is  identical  to  the  mathematical  method  of  stochastic 
approximation  for  regression  problems  cannot  be  used  to 


discriminate  data  that  are  not  linearly  separable  and  fails  for 
instance  in  the  learning  of  a  XOR  function. 

Since  this  rule  does  not  even  guarantee  a  solution  in  the 
linearly  separable  case,  it  was  not  expected  to  perform  well 
on  this  rather  difficult  data  set.  Using  the  gain  factor  as  0.3 
for  all  cycles,  it  did  not  converge.  By  using  a  decaying  gain 
factor:  0.3/ncycle  the  algorithm  converged  in  68  cycles.  The 
results  using  the  delta  rule  are  not  acceptable  (see  A  in  tables 

4.a  and  4.b). 

3.1.2  Experiments  with  the  Generalised  Delta  Rule 

The  application  of  the  generalized  delta  rule  or  the 
principle  of  back  propagation  of  errors  involves  two  phases. 
During  the  first  phase  the  input  is  presented  and  propagated 
forward  through  the  network  to  compute  the  output  value 
Opj  in  presentation  p  for  each  unit),  i.e., 

Opj  =fj(netpj) 

where  netpj=£)Wj,Op,,  wjj  is  the  weight  of  the  connection 

from  unit  i  to  unit  j  and  f:  is  the  semilinear  activation 
function  at  unit  j  which  is  differentiable  and  nondecreasing. 
A  widely  used  choice  for  a  sern'lluear  activation  function  is 
the  sigmoid  function  which  is  used  in  our  experiments: 

fj(x)  =  l/(l-i-e-<*-^''>) 

where  dj  is  a  bias,  similar  to  a  threshold.  The  output  is 
compared  with  the  desired  values,  resulting  in  an  error  signal 
ipj  for  each  output  unit. 

The  second  phase  involves  a  backward  pass  through  the 
network  (analogous  to  the  the  Initial  forward  pass)  during 
which  the  error  signal  is  passed  to  each  unit  in  the  network 
and  the  appropriate  weight  changes  are  made  according  to: 

ApW,j  =  rfSpjOpi 

This  second,  backward  pass  allows  the  recursive  computation 
of«(4). 

The  generalized  delta  rule  was  implemented  in  the 
experiments  with  three  layers  (input,  output  and  hidden 
layers)  where  the  hidden  layer  had  32  units,  an  arbitrarily 
selected  number.  Using  the  gain  factor  as  0.3/ncycle,  the 
generalized  delta  rule  converged  very  fast,  i.e.,  in  6  cycles. 
The  classification  results  for  this  experiment  are  marked  B  in 
tables  4.a  and  4.b.  Although  these  results  were  much  better 
than  the  ones  obtained  with  the  delta  rule,  we  could  expect 
even  better  results  when  a  constant  gain  factor  is  used.  The 
reason  for  this  is  that  the  decaying  gain  factor  forces  the 
weight  matrix  to  converge  prematurely  as  in  the  delta  rule 
above. 

Using  a  constant  gain  factor  (0.3)  the  generalized  delta 
rule  converged  extremely  slowly.  The  cumulative  squared 
difference  between  the  weights  oscillated  up  and  down,  but 
decayed  very  slowly.  After  200  cycles  the  cumulative  squared 
difference  between  the  weights  was  78.43.  The  classification 
results  using  the  constant  gain  factor  are  much  better  for  the 
training  data  in  terms  of  accuracy  than  when  the  decaying 
gain  factor  was  used.  These  results  are  marked  C  in  tables 
4.a  and  4.b. 

The  generalized  delta  rule  with  the  constant  gain  factor 
converged  in  344  cycles.  The  classification  results  for  this 
case  are  by  far  the  best  for  the  training  data  (Sl.6%),  as 
shown  in  table  4.a  (D).  Compared  to  the  other  neural 
network  experiments  the  results  are  also  best  for  the  test 
data  (51.5%)  as  shown  in  table  4.b  (D).  The  classification 
accuracy  of  the  training  data  is  very  satisfactory  since  the 
data  set  is,  as  said  before,  very  hard  to  classify  accurately. 
On  the  other  hand  the  learning  algorithm  is  computationally 
very  complex  and  took  22  hours  to  converge  on  a  Gould  NP- 
1  machine. 

Although  the  generalized  delta  rule  is  superior  to  the 
other  methods  in  classification  of  training  data  it  does  not  do 
nearly  as  well  in  classifying  the  test  data.  This  shows  how 
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important  it  is  to  select  representative  training  samples  when 
training  a  neural  network.  However,  the  training  data  used 
here,  as  in  [l|,  might  be  questionable  since  only  one  training 
field  was  selected  for  each  information  class.  This  implies 
that  each  information  class  only  had  one  subclass!  To  see 
how  the  generalized  delta  rule  would  do  if  approximately 
60%  of  each  field  were  used  for  training  and  the  other  40% 
for  testing,  another  experiment  was  conducted.  In  this 
experiment  the  number  of  training  samples  was  1307  and  the 
number  of  test  samples  was  712.  Using  this  training  data  the 
generalized  delta  rule  with  a  constant  gain  factor  did  not 
converge  in  more  than  40  hours  on  a  Gould  NP-1  machine. 
Since  the  machine  was  going  down  rather  often  at  the  time 
the  experiments  were  done,  this  particular  experiment  could 
not  be  finished.  On  the  other  hand  using  the  decaying  gain 
factor  with  the  new  training  data  the  generalized  delta  rule 
converged  in  6  cycles  as  before.  The  results  from  this 
experiment  are  shown  in  tables  .I  a  and  5.b. 

In  tables  5.a  and  5.b  we  see  the  best  overall  classification 
accuracy  achieved  for  the  test  pixels  (66.6%).  That  accuracy 
is  a  little  bit  higner  than  for  the  training  pixels  (64.7%).  An 
accuracy  of  66.6%  for  the  test  pixels  is  very  good  for  this 
data  set.  We  can  expect  the  results  with  the  generalized 
delta  rule  with  a  constant  gain  factor  to  be  even  better.  But 
the  results  in  tables  S.a  and  S.b  illustrate  how  important  it  is 
to  have  representative  training  samples  to  get  good  results. 

4.  Discussion 

Of  the  neural  network  models  tried,  the  delta  rule  as 
expected  did  not  perform  well.  On  the  other  hand  the 
generalized  deita  rule  showed  great  potential  as  a  pattern 
recognition  method  for  multisource  remotely  sensed  data.  It 
is  superior  to  the  statistical  methods  used  in  terms  of 
classification  accuracy  of  training  data.  It  has  the  advantage 
that  it  is  non-parametric  in  the  sense  that  we  do  not  have  to 
know  anything  about  the  statistical  distribution  of  the  data. 
This  is  an  obvious  advantage  over  most  statistical  methods, 
which  for  instance  face  the  problem  of  modeling  the  data, 
which  is  difficult  when  we  have  no  knowledge  of  the 
distribution  functions  or  when  the  data  are  non-Gaussian.  It 
also  eliminates  the  problem  of  determining  how  much 
infiuence  a  source  should  have  in  the  classification.  That  is 
still  a  problem  for  statistical  methods,  e.g.,  statistical 
multisource  analysis  as  discussed  in  [l|. 

However,  the  generalized  delta  rule  is  computationally 
complex.  When  the  sample  size  is  large  the  learning  time  can 
be  very  long.  In  this  respect,  the  experiments  show  how 
important  our  selection  of  the  gain  factor  is.  Selection  of  a 
constant  gain  factor  gave  the  best  classification  results.  A 
constant  gain  factor,  rj,  increases  the  weight  changes  in 
proportion  to  rj  and  the  optimum  gain  factor  is  the  one 
which  has  the  largest  value  that  does  not  lead  to  oscillation. 
It  is  very  difficult  to  determine  this  optimum  value.  In  the 
experiments  the  value  0.3  was  arbitrarily  chosen.  That  value 
is  not  large  but  anyhow  led  to  oscillation  in  some  cases.  We 
said  the  ^  training  procedure  converged  when  the  weight 
matrices  "did  not"  change  between  learning  cycles.  With  this 
definition  of  convergence,  the  training  process  of  the  neural 
networks  sometimes  shows  convergence  problems  when  a 
constant  gain  factor  is  selected.  A  decaying  gain  factor  can 
be  a  better  choice,  to  get  relatively  good  results  fast. 

To  perform  well  the  neural  network  models  have  to  be 
trained  by  representative  training  samples.  If  that  can  be 
achieved,  our  results  show  that  a  three-layer  net  can 

VUVJJCl  iV/t  aiz  fltv-  OVUVIOVIV 

As  reported  in  [Ij  the  statistical  multisource 
classification  algorithm  worked  well  for  combination  of 
multispectral  and  topographic  data  and  showed  very  good 
accuracy  in  classifying  the  data.  The  statistical  multisource 
classification  algorithm  is  not  as  sensitive  to  representative 
training  samples  as  the  neural  network  models  and 
outperformed  them  in  classifying  test  data.  This  al(,orithm 
does  not  have  the  same  convergence  problems  as  the  neural 


network  models  but  on  the  other  hand  requires  more 
preparations  from  the  analyst.  It  also  has  to  be  pointed  out 
that  only  relatively  "simple"  methods  were  used  in  |l]  to 
control  the  influence  (weight)  of  the  sources  and  model  the 
non-Gaussian  data.  When  the  weighting  is  done  more 
properly,  we  can  expect  the  statistical  multisource  algorithm 
to  perform  even  better.  The  other  statistical  classification 
algorithms  (Euclidean  distance,  Mahalanobis  distance  and 
the  maximum  likelihood  algorithm  for  Gaussian  data)  did 
not  show  good  performance,  but  that  was  expected. 

The  main  advantage  statistical  classification  algorithms 
have  over  the  neural  network  models  is  in  general  that  if  we 
know  the  distribution  functions  of  the  information  classes 
these  methods  can  be  simple,  fast  and  accurate.  In  many 
cases,  as  for  instance  in  multisource  classification,  we  cannot 
assume  we  know  the  distribution  functions.  Therefore, 
three-layer  neural  network  models  can  be  more  appropriate, 
in  particular  if  the  training  process  converges  in  a  reasonable 
amount  of  time.  Paster  learning  methods  are  a  subject  of 
current  research.  We  are  also  continuing  to  investigate  the 
performance  of  both  neural  network  models  and  statistical 
methods  using  additional  data  sets. 
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Table  1 

Class  t  Information  Class 


1  water 

2  Colorado  blue  spruce 

3  mountane/subalpine  meadow 

4  aspen 

5  ponderosa  pine 

6  ponderosa  pinc/douglas  fir 

7  engelmann  spruce 

8  douglas  fir/white  fir 

9  douglas  fir/ponderosa  pine/aspen 

10  douglas  fir/wliite  fir/aspen 


Table  2.  Classification  of  (a)  training  samples, 
(b)  test  samples  after  clustering.  The  following 
statistical  methods  were  used: 

1)  the  minimum  Euclidean  distance  (ED), 

2)  the  maximum  li)celihood  method  (ML)  and 

3)  the  miniiium  Mahalanobis  distance  (MD). 

Table  2 . a 


1 

Percent 
1  2 

Agreement  with  Reference 
3  4  S  6  7  8 

for  Class 
9  10 

OA  1 

ED 

100 

0 

0 

64 

0 

37 

85 

0 

0 

0 

58.2 

ML 

100 

0 

0 

45 

0 

37 

100 

0 

0 

20 

60.9 

MD 

100 

0 

0 

45 

0 

37 

100 

0 

0 

18 

60.8 

U: 

408 

88 

45 

75 

105 

126 

224 

32 

25 

60 

1188  1 

Table  2.b 


Table  4.  Classification  of  (a)  training  samples, 
(b)  test  samples  using  the  following  neural 
network  models!  A:  the  delta  rule  (gain  factor: 
0.3/ncycle),  B:  the  generalized  delta  rule  (gain 
factor:  0.3/ncycle,  hidden  units:  32), 

C:  the  generalized  delta  rule  (gain  factor:  0.3, 
hidden  units:  32,  learning  cycles:  200),  D:  the 
generalized  delta  rule  (gain  factor:  0.3,  hidden 
units:  32,  learning  cycles:  344). 

Table  4. a 


Percent  Agreement  with  Reference 
1234  5  6  78 

for  Class 
9  10 

OA  1 

A:  38 

63 

18 

53 

0 

58 

95 

0 

0 

45 

48.1 

B:  100 

15 

38 

81 

2 

77 

96 

50 

24 

15 

71.6 

C:  100 

0 

33 

91 

40 

98 

100 

97 

60 

92 

82.5 

D:  100 

100 

64 

95 

63 

79 

100 

75 

100 

98 

91.9 

|l:  408 

88 

45 

75 

105 

126 

224 

32 

25 

60 

1188  1 

Table  4. 

3 

Percent 
1  2 

Agreement  with  Reference 

3  4  5  6  7  8 

for  Class 
9  10 

OA  1 

A: 

25 

71 

4 

17 

0 

32 

97 

14 

0 

36 

27.3 

B: 

94 

17 

33 

43 

2 

43 

99 

0 

0 

8 

46.3 

C: 

87 

4 

2 

28 

1 

48 

94 

9 

0 

64 

45.2 

Dj 

89 

88 

26 

40 

13 

42 

96 

11 

0 

69 

51.5 

If: 

408 

88 

45 

75 

105 

126 

224 

32 

25 

60 

1188  1 

r 

Percent  Agreement  with  Reference 
1  2  3  4  5  6  7  8 

for  Class 
9  10 

OA  1 

ED 

95 

0 

0 

28 

10 

63 

56 

0 

52 

C 

46.6 

ML 

95 

0 

0 

26 

10 

63 

90 

0 

48 

0 

49.2 

MD 

95 

0 

0 

26 

10 

63 

93 

0 

56 

0 

49.7 

If: 

195 

24 

42 

65 

139 

188 

70 

44 

25 

39 

831  1 

Table  3.  Classification  of  (a)  training  samples, 
(b)  test  samples  using  the  statistical  multisource 
classification  algorithm.  For  A  the  weights 
assigned  to  the  sources  were  1.  (Landsat  MSS), 

.4  (elevation),  .4  (slope)  and  .4  (aspect). 

For  B  the  weights  were  1.,  .8,  .4,  .6 
(using  the  same  order  of  the  sources  as  above). 

Table  3. a 


1  Percent  Agreement  with  Reference 

for  Class 

1  1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

OA  1 

IA:  100 

100 

11 

71 

33 

73 

95 

0 

0 

58 

78.0  1 

|B:  100 

99 

0 

64 

37 

15 

97 

38 

0 

24 

77.8  1 

If:  408 

88 

45 

75 

105 

126 

224 

32 

25 

60 

1188  1 

Table  3 

b 

1  Percent  Agreement  with  Reference 

for  Class 

1 

1  1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

OA  1 

|A:  86 

0 

0 

52 

49 

76 

97 

0 

0 

0 

57.9  1 

1 8:100 

0 

0 

51 

38 

84 

97 

0 

0 

0 

60.8  1 

If:  195 

24 

42 

65 

139 

188 

70 

44 

25 

39 

831  1 

Table  b.  Classification  of  (a)  a  new  set  of 
training  samples,  (b)  a  new  set  of  test  samples 
using  the  generalized  delta  rule  with  the  gain 
factor  0.3/ncyole  and  32  hidden  units.  Weights 
were  determined  after  6  learning  cycles 

Table  5. a 


Percent  Agreement  with  Reference  for  Class 


1  1 

2 

3 

4 

5 

6 

7. 

8 

9 

10 

OA  1 

1  100 

0 

0 

84 

16 

76 

90 

0 

0 

67 

64. 7| 

If:  362 

68 

43 

110 

199 

''10 

158 

76 

30 

51 

1307 1 

Table  5.b 


1  Percent 

Agreement  with 

Reference 

for  Class 

1 

I  1  2 

3 

4 

5 

6 

7 

8 

9 

10 

OA  1 

1  100  9 

0 

90 

22 

64 

91 

0 

0 

46 

66. 6| 

If:  241  44 

44 

30 

45 

74 

136 

30 

20 

48 

712| 
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ABSTRACT 

The  paper  discusses  statistical  considerations 
and  developnents  in  the  use  of  remotely  sensed 
spectral  data  for  land  cover  mapping. 

The  initial  stage  is  to  produce  colour  composite 
displays  of  the  data.  Fran  these  and  available 
ground  information,  training  classes  are 
selected. 

Canonical  variate  analysis  is  used  to  provide 
information  on  the  clustering  and  separation  of 
the  training  classes  in  the  multlspectral  data 
space.  The  definition  and  selection  of  spectral 
classes  is  followed  by  an  allocation  procedure. 
Pixels  are  assigned  probabilities  of  class 
monbership  according  to  their  relative  and 
absolute  closeness  to  the  spectral  classes. 

The  whole  procedure  allows  for  iterative 
refinement.  In  particular,  class  laioels  can  Ije 
used  to  improve  the  classification  procedure. 


Keywords:  canonical  variate  analysis; 
classification;  posterior  probabilities; 
typicality  index. 

introd(x:tic»j 

The  CSIRO  Division  of  Mathematics  and  Statistics 
has  a  research  project  on  the  Analysis  of 
Remotely  Sensed  Data.  The  general  objectives  of 
the  Project  are  to  assess,  develop  and  implement 
methods  for  the  analysis  of  remotely  sensed  data 


and  to  colla)x)rate  in  research  projects  with 
other  CSIRO  Divisions  and  appropriate  Government 
and  industry  groups. 

The  collaborative  studies  have  generally  )3een 
concerned  with  the  mapping  of  pixels  into  various 
land  cover  classes,  in  )x>th  agricultural  and 
rangeland  settings.  Assigning  pixels  to  one  or 
other  of  a  number  of  reference  classes,  such  as 
crop,  pasture  and  bush  in  agricultural  problems, 
and/or  determining  the  proportions  of  cover  types 
within  a  pixel,  such  as  bare  soil  and  shrub  in 
rangeland  problems,  are  cotinon  to  most  studies. 


A  general  statistical  approach  to  cover  class 
mapping  in  agricultural  settings  has  evolved. 
Spectral  plots  of  the  pixels  are  used  to  assist 
in  identifying  bands  for  an  initial  three-colour 
display  of  the  data.  Analyses  which  lead  to 
linear  combinations  of  the  spectral  lands  can 
also  be  used  to  form  the  spectral  plots. 
Training  classes  consisting  of  pixels  which  are 
spectrally  homogenous  and  spatially  contiguous 
are  then  selected.  The  training  areas  are  chosen 
to  be  representative  of  the  spectral  variation 
over  the  area  of  interest.  The  training  classes 
are  then  clustered,  using  canonical  variate 
analysis,  and  representative  classes  are 
identified  as  reference  spectral  classes  for  a 


IllrlAlill.Aii. 
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probabilities  of  class  membership  and  typicality 
indices  are  used  to  identify  regions  which  are 
poorly  allocated  or  atypical,  and  to  define 
further  spectral  classes,  the  steps  being 
iterated  Vi  Ci?  no  further  classes  are  needed. 
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CmiCE  OF  BANDS  EDR  THREE-COUXJR  DISPLAY 

The  selection  and  extraction  of  training  classes 
is  made  easier  by  suitable  three-colour  displays 
vrtiich  enhance  class  differences.  Probably  the 
single  most  useful  approach  is  to  plot  the 
digital  counts  against  the  band  number  (or 
perhaps  against  wavelength),  especially  if  tl.ls 
is  done  systematically  over  the  area  of  interest. 

Such  a  display  is  also  an  Important  aid  in 
assessing  the  homogeneity  of  training  classes  in 
those  spectral  regions  which  are  not  included  in 
the  three-colour  display. 

Techniques  such  as  principal  component  analysis 
and  decorrelation  stretch  are  iso  scmetlmes  used 
to  enhance  differences  in  the  image. 

Decorrelation  stretch  (Gillespie  et  al,  1986) 
provides  enhanced  three-colour  displays  when  the 
spectral  loands  are  highly  correlated.  The 
approach  involves  three  stages:  a  principal 
component  transformation  or  rotation;  a  scaling 
or  stretching  of  these  transformed  values;  and  a 
reversal  of  the  original  rotation.  If  the 
second-stage  scaling  is  such  that  the  resulting 
sets  of  scores  have  equal  variance,  then  the 
overall  transformation  can  be  shown  to  result  in 
linear  spectral  indices  which  are  uncorrelated 
and  vdiich  have  equal  variances.  Linear 
combinations  of  the  spectral  (sands  are  produced; 
these  are  simply  weighted  sums  and  differences. 
Hence  the  indices  can  be  interpreted  directly  in 
terms  of  spectral  contrasts. 

CANONICAL  VARIATE  ANALYSIS 

Successful  mapping  of  cover  classes  depends  on 
the  spectral  data  providing  separation  between 
the  classes.  Ideally,  representative  training 
site  data  will  form  discrete  clusters 
corresponding  to  cover  classes  of  interest. 

Canonical  variate  analysis  is  a  powerful 
ordination  procedure  which  can  be  used  to  measure 
the  spectral  separation  between  sites,  and  to 
display  the  locations  of  the  training  site  data 
in  spectral  space  (see,  e.g.,  Schowengerdt,  1982, 
p.  165).  The  procedure  determines  that  linear 


contolnation  of  the  bands  -  that  spectral  index  - 
vdiich  best  separates  the  classes  of  interest,  in 
the  sense  that  the  ratio  of  the  between-class 
variation  to  the  wlthln-class  variation  is  a 
maximum.  Details  can  be  found  in  Campbell  and 
Atchley  (1981).  The  analysis  can  be  Improved  by 
using  robust  statistical  procedures  to  downweight 
the  effect  of  atypical  pixels. 

Successive  canonical  vectors  are  chosen  to 
maximise  the  between-to-wlthin  class  ratio, 
subject  to  the  variate  scores  toeing  uncorrelated 
with  those  already  chosen.  These  ratios  are 
referred  to  as  canonical  roots.  Their  sum 
measures  the  overall  separation  between  the 
classes;  the  individual  values  indicate  the 
relative  Importance  of  the  successive  vectors. 
These  values  summarise  the  adequacy  of  the  data 
to  separate  the  classes,  and  the  essential 
dlmensloriality  of  the  class  separation. 

It  is  often  possible  and  instructive  to  simplify 
the  canonical  vectors  without  reducing  the  degree 
of  class  separation.  The  effect  of  reducing  the 
set  of  bands  can  also  )3e  calculated.  When  this 
type  of  analysis  is  directed  to  particular  class 
contrasts,  further  insight  into  the  nature  of  the 
spectral  separation  can  )3e  gained. 

SEE(nitAIrTEMEaRAL  INDICES 

The  Interpretation  of  the  results  from 
multi-temporal  analyses  can  often  Ise  simplified 
if  the  canonical  lectors  can  be  constrained  so 
that  the  coefficients  of  the  spectral  bands  are 
in  the  same  proportion  within  each  overpass, 
while  at  the  same  time  maintaining  the  degree  of 
class  separation  (Campbell  and  Kllverl,  1988). 
The  interpretation  then  concerns  the  relative 
weightings  for  bands  and  times,  resulting  in  a 
simplified  spectral-temporal  index.  The  actual 
procedure  reduces  to  a  between-to-wlthin  classes 
analysis  of  a  linear  combination  of  the  spectral 
bands  over  time,  followed  by  a  slmuiar  analysis 
of  a  linear  combination  of  the  times  over  the 
spectral  bands;  the  procedure  is  iterated  until 
convergence. 

In  a  study  on  discrimination  between  crop  and 
pasture  using  multitemporal  MSS  data,  a 
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slitplified  spectral-temporal  index  gave  similar 
separation  to  that  of  the  usual  canonical  variate 
analysis.  However,  the  optimal  index,  and  even 
the  discriminating  bands,  were  shown  to  vary  with 
local  cultural  conditions  across  farm 
boundaries.  The  message  fran  such  an  analysis  is 
clear  -  indices  derived  fr«n  one  analysis  may  be 
quite  inappropriate  in  a  different  context. 

ENHAtlCEI)  OASSIFICATICI?  IRXmBES 

Allocation  results  are  generally  presented  in  the 
form  of  a  map  of  class-labelled  pixels.  The 
maximum  livelihood  classifier  based  on 
multivariate  Gaussian  densities  is  often  used. 
In  this  procedure,  the  relative  (posterior) 
probability  of  membership  is  calculated  for  each 
Vnown  class,  and  the  pixel  is  labelled  as 
belonging  to  the  class  with  the  greatest  value. 
The  posterior  probability  for  a  pixel  for  a 
particular  class  depends  on  the  prior  probability 
for  the  class  and  the  value  of  the  estimated 
multivariate  (Gaussian  density  for  the  pixel  for 
the  class  (Richards,  1986,  p.  175). 
Specifically! 

Posterior  Probability  for  class  ):  given  pixel  x  = 
(Prior  Probability  for  class  )c)  x  (multivariate 
(Gaussian  density  for  pixel  for  class  ]c) 
+  (sum  over  all  classes  of  the  prior  probability 
X  (Gaussian  density) . 

Such  a  summary  is  adequate  only  if  all  classes 
are  well  separated,  and  each  pixel  falls  clearly 
into  a  known  class. 

In  our  eiqierlence,  it  is  preferable  to  calculate 
for  each  pixel  two  sets  of  indices:  the  relative 
or  posterior  probabilities  of  class  membership; 
and  the  typicality  probabilities  of  belonging  to 
the  known  spectral  classes.  The  two  sets  of 
probabilities  reflect  different  aspects  of  a 
classification.  A  typicality  probability 
liviicates  whether  a  pixel  is  likely  to  belong  to 
the  corresponding  training  class.  Each  index  is 
Interpreted  in  a  statistical  sense  as  a  tail-area 
probability;  a  pixel  v*lch  is  distant  from  a 
training  class  will  have  a  small  typicality  index 
(Aitchlson  et  al,  1977).  The  class  membership 
probabilities  are  the  relative  values  of 
belonging  to  the  training  classes,  on  the 


assumption  that  a  pixel  actually  belongs  to  one 
or  other  of  th«  classes.  The  typicality  index 
needs  to  be  examined  to  check  that  such  an 
assuitptlon  is  reasonable. 

These  values  may  be  displayed  in  various  ways  to 
assess  the  conpleteness  and  adequacy  of  the 
allocation  results. 

In  practice,  three  types  of  display  have  been 
found  to  be  particularly  useful.  Assignment  of 
class  probabilities  to  the  red,  groen  and  blue 
guns  allows  equivocally-labelled  pixels  to  be 
readily  identified  as  mixed  colours  in  the 
display.  The  confidence  in  the  allocation 
results  for  each  class  in  turn  can  be  sumsarlsed 
by  a  display  of  the  class  probability  in  blue, 
and  the  typicality  index  in  the  other  colours; 
pixels  which  have  high  probability  and  typicality 
for  the  class  wll.l  lie  white  in  this  display, 
while  blue  indicates  that  the  pixel  is  closer  to 
that  class  than  to  the  other  known  classes,  but 
is  atypical  of  the  training  class  data.  The 
display  of  maximum  likelihood  class  labels  is 
modified  by  the  application  of  a  typicality 
threshold;  pixels  which  are  atypical  of  all  known 
classes  are  then  displayed  in  black.  The 
advantage  of  calculating  the  typicality  index  is 
that  various  thresholds  can  loe  applied  to  the 
displays  of  the  class  labels  and  posterior 
probabilities.  (The  threshold  could  also  be  made 
class-dependent . ) 

Si(ie-by-slde  displays  of  the  original  image  data 
and  the  allocation  results  allow  reedy 
identification  of  areas  vdiich  are  allocated 
equivocally,  or  dilch  are  atypical.  These  areas 
may  loe  chosen  as  training  sites  for  iterative 
refinement  of  the  classification. 

OONIBCiaAIi  OR  MEIGSBCIDR  OASSIFICATICIt 

There  is  often  a  considerable  amount  of 
contextual  information  in  neighbouring  pixels 
vhlch  may  be  used  to  improve  the  information  on  a 
central  pixel,  and  hence  the  overall 
classification  accuracy.  One  such  procedure  is 
an  iterative  one  in  which  the  posterior 
probabilities  are  recalculated  after  each 
classification  using  local  prior  weights-  these 
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weights  depend  on  the  labels  of  the  neighbouring 
pixels  and  their  associations  .n  the  previous 
classification  (see,  e.g.,  Besag,  1986,  and 
Discussion  therein).  Specifically,  the 
calculation  of  the  posterior  probability  given 
above  is  modified  by  replacing  the  (Prior 
Probability  for  class  k)  by  a  (Local  Prior 
Probability  for  class  kl  (and  slnUlarly  in  the 
denominator) .  A  slirple  model  takes  the  logarithm 
of  the  local  prior  probability  as  a  llnsar 
function  of  the  nuirber  of  pixels  labelled  as 
class  k  in  the  surrounding  3x3  or  5x5 
nelghlocurhood  of  the  central  pixel. 

Nhere  large  areas  of  spectrally-close  classes  are 
found,  considerable  overall  improvement  may 
result.  The  resulting  classification  map  is  also 
generally  more  appealing  visually.  The 
improvements  also  depend  on  the  initial 
classification  being  reasonably  accurate. 
Updating  from  a  poor  initial  classification  may 
actually  reduce  overall  accuracy.  In  an  example 
using  MSS  data  for  classification  of  crop, 
pasture  and  bush  areas.  Incorporation  of 
neighbour  information  Improved  overall  accuracy 
of  max'imum  likelihood  labels  from  80.7%  to  94.5%. 

RELAIBD  IMKE  PPOCESSIMG  SOETWRE 

The  statistical  and  collaborative  projects 
carried  out  by  the  group  have  resulted  In  the 
development  of  slmple-to-use  image  processing 
software  for  the  (kxmcdore  Amiga.  Modules  for 
three-colour  display  of  images  (featuring  choice 
of  various  Indices  for  each  colour  gun  and 
various  filters),  for  split-screen  display  of  the 
Images,  and  for  grey-level  and  pseudo-colour 
display  of  single-band  images,  have  been 
developed.  A  related  classification  module 
consists  of  separate  routines  for  discrimination 
between  cover  classes  using  canonical  variate 
analysis;  for  band  selection;  and  for  maxUmin 
likelihood  classification.  The  latter  routine 
optionally  provides  the  relative  likelihoods  (or 
p,osterlor  probabilities)  of  membership  of  each 
reference  class,  together  with  the  typicality 
Indices  to  indicate  the  closeness  to  each  of  the 
reference  classes.  A  full-screen  or  split-screen 
module  dlsplay.s  both  original  and  classified 


images.  Options  for  the  classification  window 
Include  a  display  of  class  labels;  of  class 
labels  with  masking  of  thresholded  pixels;  and  of 
the  posterior  probability  (with  thresholding)  for 
each  class  In  turn.  A  hardware-and-software 
package  for  the  Amiga  is  now  available 
commercially. 
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ABSTRACT 

Most  statistical  classification  techniques  liave  assumed 
independence  of  concurrent  feature  vectors  in  remote  sens¬ 
ing  data.  However,  this  assumption  may  only  be  valid  for 
very  large  pixel  sizes.  As  the  spatial  resolution  of  images  in¬ 
creases,  this  assumption  needs  to  be  relaxed.  In  addition, 
all  existing  procedures  ignore  any  temporal  information  in 
the  image  data.  Some  satellite  systems  cover  the  globe  twice 
daily.  Most  processes  which  are  observed  remotely  from  these 
satellites  exhibit  a  temporal  correlation  structure  over  a  time 
scale  which  is  longer  than  this  period.  This  temporal  correla¬ 
tion  structure  provides  useful  information  which  should  result 
in  more  accurate  classification  of  many  types  of  processes. 

A  method  is  developed  for  contextual  classification  which 
considers  both  spatial  and  tempora.  correlation  for  processes 
which  satisfy  second  order  stationarity  conditions.  The  fea¬ 
ture  vectors  are  expressed  as  the  sum  of  two  independent  pro¬ 
cesses,  one  having  a  class  dependent  distribution,  the  other 
being  a  contaminating  noise  process  which  is  autocorrelated 
both  in  space  and  time  The  new  algorithm  is  implemented, 
and  results  from  classification  of  Monte  Carlo  simulations  are 
summarized. 

I.  INTRODUCTION 

One  of  the  first  attempts  to  incorporate  contextual  infor¬ 
mation  involved  enlarging  the  data  set  to  include  the  obser¬ 
vations  on  the  four  orthogonally  adjacent  pixels  [1,  2],  where 
the  pixels  located  in  the  North,  East,  South,  and  West  of  the 
central  pixel  were  also  used  to  classify  the  central  pixel.  A 
linear  combination  of  these  five  vectors  was  used  in  linear  dis¬ 
criminant  analysis  to  introduce  some  spatial  smoothing  prior 
to  classification  [3].  This  approach  yields  improved  results  if 
there  are  large  homogeneous  areas  where  boundary  perime¬ 
ters  are  smaH  relative  to  the  area  of  the  region. 

The  problem  with  these  procedures  is  that  neighboring 
pixels  may  well  belong  to  different  classes.  This  can  be  han¬ 
dled  properly  only  if  a  model  for  the  joint  distribution  of  all 
•''Is*"  labels  ij  kitwV.T*  Ujlfcrtisisf.tslv,  this  results  in  ?n  io" 
practical  optimization  problem.  The  conditional  joint  prob¬ 
ability  distribution  can  be  simplified  by  allowing  for  contex¬ 
tual  information  only  through  the  four  horizontal  and  vertical 
neighbors,  (4,  H,  6].  However,  totally  general  boundary  con¬ 
figurations  cannot  be  specified  under  this  assumption.  Owen, 
Hjort,  and  Mohn  assume  at  most  two  labels  A  and  13  in  a 
neighborhood  and  allow  only  configurations  of  the  form  where 


at  most  one  class  boundary  passes  through  a  neighborhood. 
The  assumption  reduces  the  number  of  possible  patterns  con¬ 
siderably.  If  some  pixels  have  known  labels  (training  data), 
the  required  parameters  can  be  estimated  from  the  data. 

Hjort,  Mohn,  and  Storvik  [9]  generalize  this  formulation 
by  assuming  a  Gaussian  model  where  the  process  governing 
the  vector  of  intensities  is  the  sum  of  two  independent  pro¬ 
cesses,  one  having  a  class  dependent  structure,  and  the  other 
being  a  contaminating  noise  process  containing  the  correla¬ 
tion  structure.  They  are  able  to  account  for  spatial  correla¬ 
tion  between  neighboring  sites  with  this  more  realistic  model. 
Khazenie  [8]  extends  this  approach  to  account  for  both  spa¬ 
tial  and  temporal  correlation  structures.  The  procedure  is 
outlined,  and  results  of  simulation  experiments  are  presented 
in  the  following  sections. 

II.  STATISTICAL  CLASSIFICATION  APPROACH 

The  image  being  classified  consists  of  N  pixels,  where  Xi 
is  the  observed  vector  of  intensities  for  phxel  i,  i  =  1, . . .  ,N 
The  components  of  this  d-dimensional  vector  ate  typically 
spectral  measurements  in  different  channels  as  well  as  other 
topographic  information.  The  image  consists  of  K  classes, 
each  having  prior  probability  x(k),  k=  1,...,K.  The  X 
vectors  from  class  k  are  distributed  according  to  a  density 
which  is  assumed  to  be  Gaussian. 

A  statistical  classification  procedure  estimates  the  true 
class  label  Lj  of  pixel  i  based  on  the  observed  Xi’s.  Some 
preliminary  knowledge  about  the  class  distributions  is  re¬ 
quired.  This  prior  knowledge,  typica'Iy  in  the  form  of  sta¬ 
tistical  parameters,  is  estimated  using  a  training  set  for  each 
class.  In  general,  classification  procedures  then  produce  as¬ 
signments  of  class  labels  Lj’s  to  pixels.  It  is  also  possible 
that  the  assigned  class  label  is  the  doubt  class  D.  Therefore, 
Li'e  K,D}. 

Let  the  cost  function  associated  with  pixel  i  when  Li  is 
assigned  have  the  form 

f  0  if  l;  =  L, 

C(L,‘,Li)  =  {  1  if  LJ  #  Li  &  jiD  il) 

I  r  if  L(  =  D 

wliere  often  c  6  [0,(1  -  ^)]. 
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ll  can  bf  sliown  tliat  an  approximation  to  13ayes  rule  is 


if  P^kl 

Ai)  <  1  -  c  V  k=  1,  ...  ,X 

h  =  \ 

\m 

if  Pj(m 

|Ai)  =  MAXk^d  K)Pi(k  1  Ai) 

1 

where 

P.(k|Ai)  =  Pr{L.  =k|Ai}  (3) 


aiul  Ai  is  a  suitably  chosen  set  of  observations  including  at 
least  {Xi}  The  natural  choice  of  most  contextual  classifiers 
is 

=  {XiN>XiE,Xis,Xiw.Xi},  (1) 

so  the  observations  from  the  four  immediate  orthogonal 
neighbors,  .North.  East.  South,  and  West  are  also  used  to 
classify  pi.xel  i 

The  posterior  probabilities  are 
P,  (k  I  Ai)  -  (l/f(Ai))  >r(k)£6(Ilk)f(Ai|k,I)  (5) 

I 

where  I  =  -{ajbiC,  d}  is  the  neighborhood  class  configuration 
respectively  for  {iN,iE|iS,5W},  and  T(k)  is  the  prior  prob¬ 
ability  for  class  k.  I  is  one  of  possible  configurations, 
and  g(1 1  k)  is  the  probability  of  seeing  that  configuration 
given  the  class  label  of  central  pixel  i  is  k,  (i.e.,  Li  =  k). 
Further,  f(Ai  (k,!)  is  the  conditional  joint  density  of  five 
vectors  of  pi.xel  valucs,  given  that  k,a,  b,c,d  are  the  classes 
of  the  neighborhood  pixels.  The  conditional  distribution  of 
Xi,  given  the  classes  in  the  neighborhood,  is  assumed  to  only 
depend  on  the  value  and  class  of  the  central  pixel  i.  So, 

f(Ai  I  k.I)  =  fi,(Xi)  h(XiN . Xiw  I  Xi,k,I)  (6) 

by  substitution, 


i=  The  Y|'s  contain  information  about  the 

pi.xel’s  class,  and  results  from  a  variety  of  sources  of  er¬ 
ror  which  give  rise  to  the  spatial  and  temporal  dependency 
structure.  The  time  inde.x  t  varies  from  1  to  T.  Let 

X\  =  y[  +  c\  i=  1,  ...  ,M  (9) 

where  (Y|,...,YJ^)  and  (tp. . .  are  independent,  and 
Y]  -  J)S)  and  (ei,-,.,  e*„)  are  inultinormally 

distributed  with  zero  mean  and  covariance  function. 


cov  p\  9  s  (10) 


such  that  p,  is  the  spatial  correlation  parameter,  and  |  i  -  j  1 
is  the  ordinary  euclidean  distance  between  centers  of  pixels 
ill  an  integer-valued  coordinate  system.  The  value  of  9  de¬ 
termines  the  fraction  of  the  variance  of  X*  attributed  to 
Assuming  an  exponential  decay  in  the  correlation  process,  the 
lag  one  temporal  correlation  is  p, ,  and  v  is  the  time  lag  be¬ 
tween  time  t  and  t^''^  Therefore,  Xj  N  S)  given 

Ll.  The  Xj’s  are  correlated,  accounting  for  both  spatial  cor¬ 
relation  p,  and  temporal  correlation  p, : 


COY(XlXf''^) 


=  />!!'•>'  s 

for 

i#j.  V 

P,  7^  0, 

P.  7^  0 

=  pr  s 

for 

Pi  =  0 

=  s 

for 

p.  =0 

(11) 


Pi(k  I  Ai)  =  A  ir(k)  fk(Xi)  Rk(Ai)  (7) 
where  A  is  a  normalizing  constant  and 
Rk(Ai)  =  Y,  s(Ilk)h(XiN,  ...  ,Xiw  |Xi,k,I).  (8) 

I 

Rk(Ai)  can  be  viewed  as  an  adjustment  factor  which  ac¬ 
counts  for  spatial  dependence.  This  model  has  motivated  a 
variety  of  contextual  classification  methods.  They  differ  by 
how  g,  f ,  and  h  are  modeled.  Most  researchers  assume  condi¬ 
tional  independence  of  neighboring  spectral  vectors  given  the 
classes  of  the  central  pixel  and  the  neighborhood.  This  as¬ 
sumption  is  inadequate  when  applied  to  high  resolution  data 
[9].  Remote  sensing  data  from  satellites  are  being  collected 
at  increasingly  higher  spatial  and  temporal  resolution.  Thus, 
it  is  important  to  develop  classification  algorithms  which  ex¬ 
plicitly  account  for  this  corielation.  A  model  for  the  spectral 
vectors  that  allows  only  positive  correlation  between  spectral 
measurements  from  neighboring  pixels,  given  the  classes,  was 
developed  which  combines  both  types  of  contextual  informa¬ 
tion:  the  choice  of  g  and  spectral  spatial-temporal  correla¬ 
tion. 

Spatial- Temporal  Autocorrelated  Model  for  Spectral 
Vectors 

Assume  the  observed  jirocess  is  the  sum  of  two  in¬ 
dependent  processes'  i)  Yj,  i  =  l,..  ,M  having  a  class- 
dependent  structure,  and  ii)  the  autocorrelated  noise  process 


This  formulation  allows  for  temporal  and  spatial  dependence 
to  exist  simultaneously  or  individually,  and  the  value  of  9 
defines  the  level  of  contamination  of  the  correlated  noise. 

To  construct  the  desired  classification  rule  involving 
f(Ai  I  k,I)  in  (5),  it  is  necessary  for  Ai  to  include  temporal 
information.  Let  An  denote  pi.xel  i  and  its  four  orthogonal 
neighbors  at  time  t,  then 


Ai  =  (Ait  U  Aitji)  U  ••  U  Ait(i>))  (12) 

where  tf"l  =  t  -  n,  and  n  =  the  highest  temporal  lag  where 
the  correlation  is  nonzero  .  For  notational  simplicity,  define 


x;,- 

■  x;  ■ 

x;: 

V*  — 

N 

L  J 

LX.  J 
1 

with  (n-b  l)d  dimensional  mean  vectors  /^hi  •  •  •  )  fk 
and  covariance  S,  respectivly.  For  a  first  order  autoregressive 
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process,  f(Ai  |  k,I)  is  distributed  multinormal  in  (n  +  l)5d 
dimensions: 


N(n+l)8d 


•p.' 

•1  A  Pt  ...  A"  • 

1  A  •  pr" 

f*'. 

,  Sai,  ® 

: 

. 

A 

■K- 

1  . 

where  denotes  the  spatial  correlation  structure  at  lag 
zero  and  0  =  Kronecker  product  .  For  a  neighborhood 
system  where  neighborhood  classes  are  a,b,c,d,  and  k, 


2  )32  72  /32  a2- 
2  ^2  72  a2 

2  ;32  a2 

2  a2 
2  . 


(15) 


ft  =  correlation  of  first  order  neighbors  =  p,  9 
fi  =  correlation  of  diagonal  neighbors  =  9 

7  =  correlation  of  second  order  neighbors  =  p^  9 

If  n  =  1,  i.e.,  only  lag  one  temporal  correlation  is  signif¬ 
icant, 

Sa.  =  Sah  ®  [I  (16) 

The  joint  conditional  density  of  (Xiff,Xlg,Xig,Xly^)  given 
X|‘  and  the  classes,  in  (0)  -  (8),  is  also  required  . 


h(x;N, ...  ,x;wix;,k,i)  ~  (i7) 


Expressions  for  the  mean  and  covariance  structure  of  the 
joint  conditional  distribution,  pu  and  2h  can  be  derived  di¬ 
rectly  and  are  contained  in  [8].  For  thb  model  the  posterior 
probability  of  the  class  given  the  neighborhood  values  is  then 


Pi  (k|x;,x;N,...,x,w)  = 

A  x(k)  fk(x;)  exp{-2«»t*(x;  -mV  ^:HxI  -Mk)} 

8(1 1  k)  Ri(I)  exp{af(X;N  +  . .  ■  -p  X,w  -  pI- 

I 

...-mV  ■s:\x:-Mi)} 

(18) 

where 

Ri(I)  =  exp{-l/2Z,"  2j;*  z;}  (19) 


and 


Z.  = 


rx,K  -  f^.i 
Ke  - 

K  - 


(20) 


The  normalizing  constant  A  can  be  evaluated  such  that  the 
sum  of  probabilities  is  one. 


Any  probability  distributions  chosen  to  model  g(I  |  k) 
in  (18)  will  result  in  a  classification  procedure  of  the  form 
(2).  The  general  formula  would  involve  K*  possible  configu¬ 
rations,  so  only  choices  of  g(l  |  k)  which  can  be  implemented 
in  practice  should  be  considered. 

Modeling  of  Configuration  Probability  Distribution 
The  probability  of  occurrence  of  many  configurations 
g(a,b,  c,  d  I  k)  is  so  small  that  they  can  be  set  to  zero.  A  geo¬ 
metric  probability  model  was  proposed  by  Owen  and  Switzer 
[11]  and  then  generalized  by  IIjott[12].  This  model  allows 
positive  probability  for  three  configurations.  These  three  con¬ 
figurations  are  referred  to  as  X,  T  and  L  patterns. 

k  k  k 

kkk  kkm  kkm 

k  k  m 

This  is  a  realistic  assumption  when  the  regions  are  large  com¬ 
pared  to  the  pixel  sizes,  so  that  most  first  order  neighbors  are 
formed  from  only  two  classes.  There  are  four  possible  L  and 
four  possible  T  patterns.  Let 


P(X)  =  p  P(L)  =  q  P(T)  =  r  (21) 


then  p  +  q  +  r  =  1. 

For  an  X  pattern,  L  pattern,  and  T  pattern  respectively. 


g(k,k,k,k|k)  =  p  -t-  (q  +  r))r(k) 
g  (k,k,m,mlk)  =  g  (in,k,k,m  |k)  =  g  (m.xn.k.k  |k) 
=  g  (k.m.rn.k  [  k)  =  1/4  q  )r(m) 
g(k,k,m,k|k)  =  g  (k,k,k,m  j  k)  =  g  (m,k,k,k  |k) 

=  g  (k,m,k,k|k)  =  l/4rx(m) 

(22) 

where  m  is  one  of  the  remaining  K  -  1  classes  and  r(k)  are 
again  the  prior  probabilities  of  the  class  labels.  This  reduces 
the  total  number  of  terms  from  K*  to  8K  -  7,  so  computa¬ 
tion  time  depends  linearly  on  K.  The  posterior  distribution 
of  K  in  (18)  is  thus 


p(k|x;,x,N,...,x;w)  = 

A  x(k)  fk(Xj’)  €xp{-2A»f(X;  -pt)'2:^(X,*  -  Pi)}  • 

[p  exp{4af(X,’  -p1)'2:»(x;  -mV)  Ri  (k,k,k,k) 

+  qexp{2at*(Xi’  -pl)'2:‘(X;  -  pi)}  Gu(X;,X;) 

+  r  exp{3«f(x;  -pl)'2:>(X;  -pl)}  Hu(X;,x;)] 

(23) 
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wlieie 

.  K 

Glk  (Xi,X,)  =  ^  x{m)  exp{2af(Xi  - 

111=1 

(Xi'-pD)  •  i[Ri(k,k,m,in)  +  Ri(m,  k,k,m) 

+  Ri(m,m,k,k) +  Ri(k,m,m,k)] 

K 

Hik  (Xi'.X,)  =  x(m)  exp{at*(X,  -p^)'2:* 

111  =  1 

(Xt-Pk)}  ■  ^[Ri(k,k,k,m)  +  Ri(k,k,m,k) 

+  Ri(k,in,k,k)  +  Ri(m,k,k,k)] 

and  Xj  =  5(Xij^  +  Xi£  +  Xjg  +  Xiv^^) 

For  some  processes  the  covariance  S  given  by  the  initial  mod¬ 
eling  of  Xi  ~  N  (pL,,  S)  used  throughout  the  development  of 
the  methodology  is  class  dependent,  i.e.  Xi  ~N  (pin  Si,,). 
This  extension  is  straightforward.  The  procedure  can  be  con¬ 
sidered  as  a  best  linear  rule  leading  to  contextual  and  tempo¬ 
ral  improvements  and  as  a  best  quadratic  rule  corresponding 
to  different  prior  covariance  matrices  Si, ... ,  Sk. 

Unbiased  minimum  variance  estimates  were  calculated 
for  all  indicated  parameters.  Data  for  Nonoverlapping  neigh¬ 
boring  sites  were  used  as  training  sites  from  the  enterior  of 
clearly  homogeneous  areas  to  estimate  all  spatial  parameters 
in  order  to  assure  the  independence  of  the  sites. 

III.  SIMULATION  RESULTS 

The  algorithm  was  implemented  in  Fortran  and  run  on 
a  Dual  Cyber  170/750  computer. 

First  order  space-time  processes  were  simulated  where 
all  parameters  and  ground  truth  were  known.  To  investigate 
the  effect  of  several  parameter  sets,  some  extreme  cases  were 
considered.  Case  I  had  considerable  first  order  spatial  and 
temporal  correlation.  Case  II  was  created  with  high  tempo¬ 
ral  correlation,  but  very  low  spatial  correlation.  Case  HI  was 
generated  to  have  low  temporal  correlation  and  high  spatial 
correlation.  The  scenes  in  the  three  simulations  have  dimen¬ 
sion  40  X  40,  a  two-channel  spectral  vector,  and  three  classes. 
A  Landsat  scene  with  three  different  geological  classes  was 
used  as  a  ground  truth.  One  hundred  and  eighty  scenes  were 
generated  for  each  simulation.  Tables  1,  2,  and  3  contain  lists 
of  the  design  and  the  corresponding  estimated  parameter  sets 
for  the  first,  second,  and  third  cases  respectively. 

For  each  of  the  three  simulations,  seven  of  the  one  hun¬ 
dred  eighty  scenes  were  selected  systematically  for  classifica¬ 
tion.  The  classification  results  of  the  seven  scenes  using  the 
spatial  temporal  autocorrelated  model  are  summarized  in  the 
remainder  of  this  section. 

Figuress  1-3  show  the  percentage  of  misclassified  pix¬ 
els  which  resulted  from  estimating  the  temporal  correlation 
and  utilizing  it  in  the  classification,  compared  to  using  only 
:^k'atia!  lawLiiiatiuit  foi  dtueietil  paianxetel  values.  There  Is  a 
definite  improvement  which  clearly  depends  on  the  amount  of 
temporal  correlation  in  the  process.  It  is  interesting  that  the 
relation  betv  ,en  percentage  improvement  and  the  magnitude 
of  ^  is  approximately  exponential.  This  is  better  than  the 
expected  linear  improvement. 

The  performance  of  classifier  was  evaluated  for  different 
values  of  both  spatial  and  temporal  correlation  in  the  pro¬ 


cess.  Figure  4  illustrates  these  results  for  the  three  first-order 
processes.  This  figure  shows  that  spatial-temporal  statisti¬ 
cal  classifier  performed  much  better  when  spatial  correlation 
was  low  and  temporal  correlation  was  high.  Results  were 
not  as  good  when  both  types  of  correlation  were  large.  It 
appears  that  the  temporal  correlation  structure  is  modeled 
better  than  spatial  correlation.  This  could  be  explained  by 
the  fact  that  temporal  correlation  is  a  contaminating  source 
in  only  one  direction  in  time,  and  it  is  modeled  to  affect  only 
the  same  site.  Spatial  correlat’  .tructure  is  more  complex. 
Spatial  correlation  contaminates  m  two  directions  and  affects 
the  site  and  all  of  its  first  order  neighbors. 

Overall  average  error  rates  can  be  summarized  as; 


/>,  =  0.40,  ^  =  0.65 

=i- 

20.9  % 

error 

p,  =  0.05,  <j>  =  0.95 

17.5  % 

error 

p,  =  0.40,  <l>  =  0.20 

18.3  % 

error 

IV.  CONCLUSIONS 

Illustrations,  in  the  form  of  'mages,  are  useful  in  evalu¬ 
ating  some  additional  performance  measures  of  the  new  clas¬ 
sification  procedure.  Figure  5  shows  the  classified  images  of 
statistical  classifier  for  ^  =  0.65  and  />  =  0.15.  The  statisti¬ 
cal  classifier  performs  quite  well  near  borden;  between  classes 
as  well  as  inside  homogenous  regions.  Other  classifiers  which 
were  investigated  did  not  dipict  the  shape  of  homogeneous 
regions  as  well. 

The  contextual  classification  procedure,  which  was  de¬ 
veloped,  models  both  spatial  and  temporal  correlation  struc¬ 
tures  for  stationary  processes.  The  mathematical  structure 

of  the  new  methodology  allows  for  diverse  modeling  of  the 
joint  class  distributions.  The  temporal  correlation  structure 
is  also  quite  general.  Although  the  examples  were  generated 
only  for  the  case  where  first  order  temporal  correlation  ex¬ 
isted,  the  formulation  of  (18)  and  (23)  is  not  limited  to  this 
form.  The  mathematical  formulation  supports  the  general 
case  of  p(''^  =  which  is  still  computationally  feasible,  al¬ 
though  more  complicated  to  implement  than  the  first  order 
process  used  in  the  e.xamples.  More  general  models  of  the 
correlation  structure  and  the  probability  model  of  the  class 
distribution  are  currently  being  investigated. 
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TABLE  1  SIMULATION  ONE 
Substantial  Spatial  and  Temporal  Correlation 


PARAMETERS 

DESIGN 

ESTIMATED 

VALUES 

VALUES 

t>(d,k) 

/O  2 

/  0.01629  1.981  3.98  \ 

Vo  3  oy 

V  0.0096  3.02  6.01 ) 

LiJ.d) 

Vk 

/2.0  1.5  \ 

/ 1.99128  1.50137\ 

Vl.5  4.oy 

\  1.50137  3.96.55  ) 

pt 

0.400 

0.38860 

d- 

0.650 

0.64338 

9 

0.850 

0.84367 

or 

0.340 

0.32490 

0 

0.233 

0.22170 

1 

0.130 

0.12180 

TABLE  2  SIMULATION  TWO 
Low  Spatial  and  High  Temporal  Correlation 


PARAMETERS 

DESIGN 

ESTIMATED 

VALUES 

VALUES 

p{d,k) 

/O  2 

/0.016  1.995  3.93  \ 

Vo  3  6) 

V  0.079  3.03  5.911  y 

Vk 

f2.0  1.5  \ 

/ 1.915  1.576\ 

Vi.5  4.0  y 

V  1.570  4.055y 

pt 

G.uouuu 

0.1G07G 

d> 

0.95000 

0.93700 

9 

0.05000 

0.00191 

cc 

0.00250 

0.00590 

p 

0.00070 

0.00945 

7 

0.00012 

0.00335 

TABLE  3  SIMULATION  THREE 


High  Spatial  and  Low  Temporal  Correlation 


PARAMETERS 

DESIGN 

ESTIMATED 

VALUES 

VALUES 

p{d,k) 

/O  2  4\ 

/ -0.004  2.016  3.993  \ 

Vo  3  6y 

V  0.015  3.003  5.979 ) 

Vk 

/'2.0  1.5  \ 

/ 1.989  1.487  \ 

Vi.5  4.0  y 

V  1.487  3.979^ 

Ps 

0.4000 

0.3909 

d 

0.2000 

0.1960 

9 

0.9000 

0.8960 

Ct 

0.3600 

0.3503 

P 

0.2463 

0.2374 

7 

0.1440 

0.1338 

riGUPE  2 
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ABSTRACT 

One  problem  in  multidimensional  remote  sensing 
data  processing  is  the  reduction  of  information  space 
from  m-D  to  3-D  for  RGB  colour  display  and  visual 
analysis  with  minimal  loss  of  Important  information. 
Principal  Component  Analysis  (PCA)  has  been  used,  but 
the  resulting  3  components  are  not  correlated  and  can 
be  considerably  different  in  terms  of  information 
significance.  A  new  projection  transformation  was 
tested  in  this  paper..  In  this  approach,  information 
structure  of  the  data  set  Is  analyzed  by  using  eigen 
analysis,  followed  by  Household  transformation  to 
establish  a  transformation  matrix.  Finally  the  origi¬ 
nal  m-D  data  set  is  transformed  into  a  new  lower  di¬ 
mensional  feature  space,  in  which  each  feature  has 
Che  same  degree  of  significance.  To  enhance  the  vis¬ 
ual  display  of  the  resultant  data,  techniques  for 
scatter  adjustment  and  rotation  projection  are  also 
applied  and  tested.  Test  of  the  method  with  LandsaC 
TM  data  on  Sudbury  Area,  Ontario  was  carried  out  for 
geological  applications.  The  results  indicate  this 
method  is  effective  and  feasible  for  routine  appll- 
caC ion. 

KEYWORD:  eigen  analysis,  orthogonal  projection,  image 
transformation,  data  processing,  reduction  of 
dimension. 

1.  INTRODUCTION 

With  Increasing  number  of  spectral  bands  being 
used  in  satellite  and  air-born  remote  sensing  data 
and  the  development  of  integrated  data  processing, 
there  is  more  concern  for  the  problem  of  how  to  re¬ 
duce  dimension  size  of  remote  sensing  data  sets  while 
maintaining  the  visual  information  [l][2][3].  To 
achieve  this,  emphasis  has  been  placed  on  cither  the 
statistical  feature  selection,  or  on  the  effective 
utilization  of  colour  spaces  [2][3].  The  connection 
between  these  two  is  rarely  investigated.  For  ex¬ 
ample,  in  spite  of  PCA  in  dimension  compression  of 
data  set,  the  imago  often  becomes  confusing  and  de- 
Kraded  fl]  when  the  result  of  PCA  is  displayed  in  RGB 
space.  This  is  caused  from  the  fact  that  there  is  no 
correlation  among  pri.icipal  components  computed  using 
PCA.  In  terms  of  variance  contributions  which  can  be 
understood  as  a  measure  of  information  contained,  the 
PCA  transformed  components  are  very  different  from 
one  another.  They  occupy  colour  channels  of  equal 
weight  in  RGB  colour  space  and  can  overlap  others.  In 
the  case  of  Landsat  TM  data,  certain  components  com¬ 
puted  from  PCA  contain  a  high  level  of  random  and 


strip  noise.  When  such  a  component  is  incorporated 
into  a  colour  composite,  it  will  unavoidably  degrade 
the  whole  image.  Also,  in  the  interpreter's  point  of 
view,  correlation  between  different  bands  displayed 
in  RGB  space  is  very  useful  for  accurate  interpreta¬ 
tion,  although  ir  may  sometimes  be  desirable  to  de¬ 
compose  the  highly  correlated  data  set  into  non-cor- 
related  ones  for  individual  band  interpretation. 

To  resolve  these  problems,  a  new  projection 
transformation  method  is  developed  and  tested  for 
dimension  size  reduction.  By  using  this  method,  data 
sets  can  be  transformed  from  m-D  to  RGB  colour  space 
while  each  new  pseudo  band  has  equal  information  con¬ 
tent.  Furthermore,  since  this  transformation  is  not 
unique,  an  orthogonal  rotation  can  be  successingly 
applied  to  rotate  the  projection  axes.  This  approach 
makes  it  possible  for  interpreters  to  view  a  colour 
image  from  different  perspectives  in  feature  space. 
To  increase  visual  discrimination  in  feature  space, 
scatter  adjustment  is  also  tested.  For  many  applica¬ 
tions  in  remote  sensing  data  processing,  classifica¬ 
tion  is  one  of  the  important  objectives.  In  this  re¬ 
search,  the  transformed  data  sets  using  different 
parameters  are  also  examined  to  estimate  the  effects 
of  the  various  transformation  on  the  classification 
capability. 

1.1  Multidimensional  Data  Structure 

Here  "structure"  refers  to  the  distribution 
attribute  of  a  data  set  in  feature  space.  In  most 
cases,  it  is  acceptable  to  assume  that  the  data  set 
concerned  observes  multidimensional  normal  distribu¬ 
tion.  The  distribution  shape  of  a  data  set  can  be 
understood  as  a  hyperellipsold  in  m-D  feature  space. 
Tne  length  of  each  axis  of  the  hyperellipsoid  can  be 
accordingly  understood  as  the  measurement  of  data  de¬ 
viation  along  this  axis.  In  the  case  of  remote  sens¬ 
ing  data  sets,  especially  multispectral  data  sets, 
all  spectral  bands  are  highly  correlated  in  the  set 
of  spectral  bands.  In  feature  space  this  represents 
the  fact  that  the  ratio  of  the  length  of  the  longest 
axis  to  the  length  of  other  axes  is  accordingly  high. 
Subsequently,  most  data  points  will  cluster  around 
the  longest  axis.  In  statistical  sense,  the  projec¬ 
tion  onto  the  longest  axis  is  best  representative  oi 
the  complete  data  set  if  only  one  feature  can  be  left 
after  a  dimension  reduction. 

1.2  Projection  Transformation  and  Dimension  Reduction 

Transforming  a  data  set  from  m-D  feature  space 

into  3-D  color  space  requires  that  the  following  con¬ 
ditions  be  satisfied; 

(a)  After  Che  dimension  reduction,  most  of  the  orlgl- 


page  1 


504 


nal  information  must  be  retained. 

(b)  Each  of  the  new  features  has  the  equal  informa¬ 
tion. 

(c)  Each  of  the  new  projection  axes  corresponding  to 
each  new  feature  is  orthogonal  to  other  axes. 

(d)  The  amount  of  calculation  involved  in  the  trans- 
formition  is  acceptable  for  the  given  computer 
system. 

A  linear  transformation  approach  which  satisfies 
the  above  conditions  has  been  chosen  for  Che  data 
space  dimension  reduction.  The  linear  transformation 
can  also  be  interpreted  as  a  kind  of  projection 
transformation  in  m-D  feature  space.  In  actual  numer¬ 
ical  processing,  the  transformation  is  presented  by  a 
transform  matrix  T  where,  each  colomn  of  T  is  defined 
as  a  projection  axis.  The  inner  product  between  Che 
data  vectors  and  projection  axis  defines  the  projec¬ 
tion  of  the  data  vector  onto  Che  projection  axes. 
Numerical  implementation  of  this  transformation  can 
be  divided  into  the  following  steps: 

(i)  Choice  of  an  axis  from  Che  m-D  data  hyperellip- 
soid  as  the  central  axis  around  which  the  projection 
axes  will  establish  (Fig.  lA). 

(ii)  Establishment  of  three  projection  axes  which 
arc  orthogonal  to  one  another,  such  that  the  angle 
between  each  of  these  projection  axes  and  the  central 
axis  is  same  (Fig.  lA). 

(iii)  Projection  of  the  data  set  onto  the  three 
projection  axes. 

In  this  way,  three  new  feature  bands  with  equally 
distributed  ir  <.<-macion  can  be  obtained.  It  is  easy 
to  understand  t.  at  Che  attribute  of  a  projection 
largely  depends  on  the  direction  of  the  central  axis 
in  feature  space.  If  a  different  axis  is  chosen  as 
the  central  axis,  the  distribution  and  incerprctable 
level  of  information  contained  in  transformed  output 
will  also  be  different. 

1.3  Further  Rotation 

It  should  be  pointed  out  Chat  the  transformation 
which  satisfies  conditions  in  (1.2)  is  not  unique.  In 
fact, any  established  3-axcs  sec  can  be  rotated  around 
a  central  axis  to  form  a  new  sec  which  corresponds  to 
a  new  projection  angle  or  view  angle  (Fig.  IB).  By 
changing  rotation  angle,  the  possible  number  of  3- 
axes  sets  is  theoretically  infinite.  This  mechanism 
provides  interpreters  with  improved  flexibility  to 
examine  the  data  sot  from  different  view  angle  in 
feature  space.  To  keep  the  data  set  structure  tract¬ 
able,  the  rotation  is  limited  to  an  orthogonal 
rotation. 

l.A  Data  Set  Scatter  Adjustment 

When  correlation  among  the  new  features  is  very 
high,  which  indicates  most  data  points  cluster  close¬ 
ly  CO  Che  central  axis,  the  saturation  of  resultant 
RGB  composite  may  decrease.  To  enlarge  variety  in  RGB 
composite,  scatter  of  data  points  can  be  increased 
for  enhancement  jf  RGB  display.  To  achieve  this,  the 
distance  between  every  individual  data  point  and  the 
central  axis  is  firstly  measured  by  using  Euclidian 
distance  or  an  angle  (Fig.  2).  Then,  according  to 
given  adjustment  factor,  the  distance  or  angle  can  be 
increased.  Such  an  incremental  move  will  result  in 
pushing  data  points  away  from  the  central  axis,  and 
Ic'.’cr  v"crrc  1  a t i cn  t'..,  new  fvuLuie  vuiius  cun  be 

achieved. 

1.3  Classification  Capability 

As  it  can  be  seen  in  Fig.  IB,  when  rotation  angle 
e  of  the  projection  axes  around  the  central  axis 
changes,  the  projection  onto  other  coordinate  planes 
will  also  keep  changing.  If  there  arc  several  identi¬ 
fiable  classes  contained  in  the  data  set,  the  projec¬ 


tion  of  each  class  onto  coordinate  plane  also  contin¬ 
uously  changes.  When  a  specific  classification  is 
considered  in  a  chosen  plane,  the  rotation  angle  of 
the  projection  axes  has  a  direct  effect  on  the  class¬ 
ification  result.  To  estimate  this  effect,  the  Fisher 
ratio  [4,3]  is  used.  It  is  defined  as  the  ratio  of 
the  bctwecn-class  scatter  to  the  sum  of  the  wlthin- 
class  scatter.  It  is  obvious  that  the  larger  Che 
Fisher  ratio  is, Che  better  Che  classification  results 
arc.  The  optimal  rotation  angle  should  make  the 
Fisher  ratio  to  reach  its  maximum. 

2.  METHODOLOGY 


2.1  Eigen  Analysis  for  Data  Structure  Determination 
Let  X  denote  raw  data  matrix,  X  =  >  where 

i  denotes  the  ich  sample  or  observation  and"^'''denoCes 
Che  jeh  feature  or  band,  m  is  the  number  of  features 
and  n  is  the  number  of  samples. Then  let  X=(x,.)  , 

where  x.  .=x.  .,  (l<I<k<n)  is  the  mean  of  the  jch''¥ea- 
ture.  The  vCTlance-covarlance  matrix  for  X  can  then 
be  written  as; 

E  =  (X  -  X)^(X  -  X).  (2.1.1) 


According  to  multivariate  statistical  theory,  there 
exists  an  orthogonal  matrix  V  such  chat; 


Xj  0.0  ...  0.0 

0,0  X^  ...  0.0 


(2.1.2) 


0.0  0.0  ...  X^J 


where  X.  >  X,  ,,(l  =  1,2 . m)  are  eigenvalues  of 

and  V.j^the  itn  column  in  the  matrix  V  which  corres- 
ponds^co  X.,  is  the  ich  eigenvector  of  Z.  Each  eigen¬ 
vector  indicates  Che  direction  of  one  axis  of  the  hy¬ 
perellipsoid  of  data  X  in  m-D  feature  space  and  the 
magnitude  of  Che  corresponding  X  represents  the  length 
of  the  axis  [l].  Eigen  analysis  provide  a  profile  of 
Che  complete  data  sec  in  statistical  context. 


2.2  Establishing  Transformation  Matrix  using 
Household  Method. 

Based  on  the  data  sec  structure  and  conditions 
listed  in  (1.2),  a  linear  transformation  can  be  de¬ 
fined.  In  actual  data  processing,  this  transformation 
is  represented  by  a  matrix  T  =  (t.,)  i  which  can 
either  be  called  transformation  matrix  or  projection 
matrix.  The  transformation  will  be  accomplished  by 
matrix  multiplication: 

Y  =  XT  (2.2.1) 


where,  Y  =  (Yi.)  >  (r  <  m)  is  the  output  result  of 
the  transformation  and  dimension  reduction,  r  is  the 
number  of  new  features  after  transformation.  When  Che 
result  is  going  to  be  displayed  with  a  RGB  colour 
display,  it  is  usually  set  r=3.  According  to  (1.2),  T 
should  satisfy  the  following: 

T  .T  .  1  1.  If  i  -  ji 
i  j  10,  otherwise. 

T  ■=  (Tj.Tj . T^)  (2.2.2) 

where  T^,  (i  =  1,2,... ,r)  are  projection  axes.  For  a 
given  data  structure,  it  is  easy  to  understand  that 
along  Che  direction  of  the  first  eigenvector,  Che  de¬ 
viation  of  Che  projection  of  the  complete  data  set 
can  reach  its  maximum  X^ ,  It  is  not  unusual  in  the 
case  of  remote  sensing  data  processing  that  the  vari¬ 
ance  contribution  in  the  direction  of  first  the  eig- 
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cnvoctor  is  equal  to  or  greater  than  90%. 

This  indicates’that  if  T.,  (i  =  1,2,.. .,m)  are  pl.aced 
around  the  first  eigenvector  or  namely  Vj  is  cho¬ 

sen  as  the  central  axis,  most  of  the  original  data 
information  will  be  retained  after  the  transformation 
Y  =  XT.  To  distribute  the  information  equally,  Tj, 
should  satisfy  the  following: 


Ti*Vi  =  Tj'Vj,  i  /  j,  1<  I,  J<  r.  (2.2,3) 

Eq.  (2.2.3)  represents  that  the  angle  a  between  any 
new  projection  axis  T^  and  Vj  is  the  same  (Fig.  lA), 
and  each  of  three  axes  has  an  equal  information  con¬ 
tribution  through  the  projection  transformation  in 
feature  space.  Since  is  obtained  through  eigen 
analysis,  only  Tj  has  to  be  determined.  I.ec  us  con¬ 
sider  an  average  vector  V  which  is  defined  as 
follows:  * 


V 

a 


^U1  '^i 

II<=1 


(2.2,4) 


Notice  chat  Vj,  (l<i<r)  is  orthogonal  to  each  other, 
then 


comparing  (2,2.5)  with  (2.2.2)  and  (2.2.3),  it  be¬ 
comes  obvious  that  if  the  complete  data  set  can  be 
rotated  so  chat  the  new  maximum  deviation  projection 
axis  V|  overlaps  V_^,  then  the  V^,  (1  <  I  <  r)  can  be 
ci:osen‘  to  form  transformation  matriiT  T.  “instead  of 
rotating  Che  complete  data  set,  we  can  find  an  ortho¬ 
gonal  matrix  11  to  rotate  V  to  V*  which  overlaps  V.. 
Under  this  orthogonal  rota'tlon,  ^^,(1  <  I  <  r)  will 
be  changed  to  V*,(l  <  1  <  r).  Because  if  Is  "an  ortho¬ 
gonal  matrix,  v|,(l  <  i  <  r)  and  V*  will  satisfy  the 
following:  -  -  a 


T 

II  11  =  1 
T 

II  =  II 


(2:2.10) 


From  (2.2.8)  (2.2.10),  it  can  bo  soon  chat  H  Is  an 
orthogonal  matrix  which  can  rotate  vector  Z  to  over¬ 
lap  G.  In  this  problem,  and  Vj^  are  unit  vectors, 
so  U  can  be  obtained  by  simply  setting  Z  o  V  .and  G  = 


IVa-Vil 


(2.2.11) 


Finally,  the  transformatlonmatrlx  T  is  obtained: 

T  =  (Tj,  T2 . T^)  =  H(Vj,V2,...,V^) 

=  (^•''’2 . V*)  =  V*.  (2.2.12) 


Y  =  XT  =  XV*. 


(2.2.13) 


2,3  Further  Rotation  of  V* 

If  we  consider  the  RGB  colour  space  case, in  which 
ra3,  V*,  V*  and  V*  determine  a  3-D  subspacc  within 
the  m-u  feature  space.  From  geometrical  point  of 
view,  V*,  V*  and  V*  also  determine  a  hyperplane  P 
with  the  normal  vector  V*  (Flg.lA).  For  any  given  Vjj', 
V*  and  V*,they  can  be  rotated  around  V,  by  an  angles 
to  new  positions  V*(e),V*(6)  and  V*(0)  within  P  (Fig. 
2B).  The  trace  of  rotation  forms  a  circle  C.  It  can 
be  seen  that  V*(6),  V^'(0)  and  V|'(0)  form  V*(0),  It 
corresponds  to  a  new  projection  transformation  which 
satisfies  the  conditions  (2.2.6).  When  rotating  is 
performed  continuously  with  a  given  angle  Increment 
40,  a  series  of  transformed  data  sets  Y(k4S)  is  pro¬ 
duced: 

Y(k40)  =  XV*(k40),  k  =  1,2,,..  .  (2.3.2) 

Eq.(2.3.2)  will  enable  interpreters  to  chose  and  ex¬ 
amine  the  a  data  set  from  various  view  angle.  Because 
this  rotation  is  on  hyperplane  P,  V*(k40  )  can  be  de¬ 
rived  from  V*(0.0)  by  using  basic  theorems  of  the 
planar  geometry. 


V*.v*  =  1 

I  j  ~  '  0,  otherwise. 

VpV*  .  V*  V*,  i:ij,l<l,j<r  (2.2.6) 

Then,  T  can  be  formed  by  using  V*,  (1  <  i  <  r),  l.e. 
T  =  (v*,V*, . . .  ,V*) .  At  this  point,  thcT  next  question 
is  how  to  find  t^c  matrix  11  which  satisfies  the  con¬ 
dition 

IIV  =  V*  =  V,.  (2.2.7) 

a  a  1 

In  this  research.  Household  method  [6]  is  applied  for 
this  purpose.  In  the  theory  of  linear  algebra,  for 
any  given  vector  Z  and  an  unit  vector  G  in  m-D  vector 
space,  there  always  exists  a  matrix  H  such  that 

HZ  =  II  Z  ll'G  (2.2,8) 


2.4  Scatter  Adjustment  of  Data  Points 

In  scatter  adjustment,  every  data  point  is  treat¬ 
ed  as  a  m-D  vector  in  the  feature  space.  Two  non¬ 
linear  modes  were  developed  to  adjust  the  scatter.  As 
shown  in  Fig.  2,  Vj  is  the  central  axis,  p  denotes  an 
arbitrary  data  point,  q  is  a  vector  with  same  direc¬ 
tion  as  V  and  length  equal  to  p*q.  The  angle  and 
distance  oetwoen  V  and  p  are  0j  and  dji  and  @2  and 
d2  arc  the  angle  and  distance  between  V*  and  p*  res¬ 
pectively.  The  objective  of  the  adjustment  is  to  ro¬ 
tate  p  to  p*.  The  amount  of  the  rotation  is  control¬ 
led  by  the  0,  =  k0j  or  dj  =  kdj  according  to  the  mode 
used.  When  k  >  1,  this  adjustment  will  result  in 
increase  in  scatter.  When  k  <  1,  it  will  result  in, 
decrease  in  scatter. 

In  the  case  of  Mode  1,  set  d2  =  kdj  and  let  qp* 
and  p*p  denote  the  Euclidian  distance^  between  the 
points  p  and  q,  p*  and  p  respectively. 


whom  II  ie  rallod  Household  matrix.  The  linear  tr,ans- 
formation  defined  by  11  is  also  called  the  Household 
transformation  [6].  II  is  usually  derived  in  the  fol¬ 
lowing  way:  _ 

II  =  1  -  2'UU 


(2,2.9) 


where  I  is  the  unit  matrix.  Obviously, 


qp*  _ 

P*P 


,  I 


1. 


Then,  p*  can  be  determined. 


p*  =  =  kp  +  (l-k)q 


where  q  =  (Vj*p)Vj. 


(2,4.2) 
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In  case  of  Mode  II, 

Cgfij  =  <ii/|lqll,  Cg02  =  <i2/llql|. 

“  -  ‘‘2  =  ^2  =  .  (2. A. 3) 

^2  ■  ‘*1  '*1  “  '*2  "  '^^**2 

Set  62  =  ke^  then, 

»^8k6,  ^  ^  IKVi-p)Vi-Pll  . 

tgOj  -  cgkej  ll(Vj-p)Vj|| 

Then 

p.  =  .  (2.A.4) 


To  maincain  the  length  of  p,  (2. A. A)  becomes: 


...  q  ■»  Xp  II  1*X|| 
’’  "  llq  +  Xpll  i+X 


(2. A. 5) 


2.5  The  Fisher  Ratio  Statistical  Analysis 

As  discussed  earlier,  the  results  of  the  trans¬ 
formation  will  be  affected  by  different  rotation 
angles  6  and  scatter  adjustment  factor  k.  In  the  fol¬ 
lowing,  the  Fisher  ratio  will  be  costed  as  a  statis¬ 
tical  estimation  of  Che  effects  of  the  transformation 
on  classification.  Lot  us  suppose  there  are  G  classes 
in  the  data  sec.  The  Fisher  ratio  is  defined  as  the 
ratio  of  the  between-class  scatter  Sj  to  Che  within- 
class  scatter  $2, 

F  =  S|/S2 


G 

Z 

8=1 

"g 

t 

k=l 


ra 

2  n^(x 
1=1  ® 


gl" 


(2.^1) 


Under  the  projection  transformation:  Ys=XV*(v^),F  value 
can  he  calculated  in  the  following  way  [4]:  first, 
define  the  wlthln-class  scatter  matrix  W  and  between- 
class  scatter  matrix  B  as  follows: 

M  =  (w  ) 

pq  rxr 


"PO  %fl  k=l  -  '^qg^ 


B  =  (b  ) 

pq  rxr 


pq 


=  ^  "e<yoe  -  ^o^^^qg  " 


g^ 


_1  g  Pg  P 


(2.5.2) 


where,  p,q  =  l,2,...,r,  and  n  is  the  number  of  data 
points  in  class  g.  Then,  ® 


F  =  detB/deeW. 


(2.5.3) 


Because  Y  is  the  function  of  rotation  angle  0,  Eq. 
(2.5.3)  should  ba  written  as: 

F(0)  =  decB(0)/detW(0).  (2.5. A) 


In  this  research,  Che  between-class  scatter  matrix  is 
replaced  by  the  total  scatter  matrix 


F(0) 


dcc(B(e)  4  H(e)) 
decW(6) 


(2.5.5) 


3.  EXPERIMENT  AND  RESULTS 

The  method  proposed  above  has  been  applied  to  the 
data  sets  collected  on  Sudbury,  Ontario;  In  this  ex¬ 
periment,  only  Quaternary  geological  problems  were 
considered.  According  to  Boissonneau  (1968),  there  is 
a  generalized  glacial  history  and  the  experimental 
area  Is  part  of  a  thinly  drift-covered  and  wave- 
washed  bedrock  upland  containing  isolated  pockets  of 
glaciolacuscrine  and  glaciof luvtal  deposits  [7].  The 
remote  sensing  data  consist  of  Landsat  TM  data  and 
other  geological  and  geophysical  data  sec.  Six  ground 
classes  were  selected  according  to  the  geological  map 
(Ontario  Geological  Survey,  l98A)(Table  1).  They  are 
free  of  vegetation  cover. 

3.1  Equal  Load  of  Information 

Eigen  analysis  was  carried  out  on  the  data  set 
consisting  of  6  classes.  Some  of  the  results  are 
listed  in  Table  2.  It  is  clear  that  there  are  consi¬ 
derable  differences  among  the  variances  of  the  ori¬ 
ginal  TM  bands  and  If  the  first,  second  and  third 
principal  components  arc  displayed  In  RGB  colour 
space,  the  percentage  of  information  on  each  channel 
will  be  also  very  different  (Table  3).  Thareforc, 
there  will  be  a  serious  overbalance  in  RGB  space.  For 
comparison,  eigen  analysis  was  also  performed  on  the 
transformed  data  set  Y  (Table  A).  Table  A  indicates 
that  after  the  transformation,  each  new  feature  has 
almost  equal  variance.  Because  of  the  existence  of 
correlation  among  Y^,  equal  variance  does  not  neces¬ 
sarily  mean  chat  each  new  feature  has  an  equal  amount 
of  information  Independently.  Considering  the  first 
variance  contribution  accounts  to  877.,  each  element 
of  the  first  eigenvector  can  be  seen  ns  the  informa¬ 
tion  load  onto  the  total  information  from  the  corres¬ 
ponding  Yj.  So,  Che  first  eigenvector  suggests  Yj,Y2 
Y-  have  approximately  the  same  significance  in  infor¬ 
mation  space  (Table  3).  Accordingly,  if  Y  is  display¬ 
ed  in  RGB  colour  space,  a  better  balanced  resultant 
image  can  be  expected. 

3.2  Information  Content  after  Transformation 

Another  important  question  regarding  the  trans¬ 
formation  is  how  much  information  can  be  retained 
through  the  transformation.  When  three  bands  are 
selected  for  RGB  colour  composite,  the  information 
contained  in  the  composite  can  be  measured  by  the 
product  of  three  eigenvalues  of  variance  covariance 
matrix  of  the  three  band  which  represents  the  volume 
of  the  ellipsoid  in  feature  space  [l].  Using  this 
method,  the  amount  of  information  contained  in  the 
original  A  bands,  the  results  of  first  three  compon¬ 
ents  of  PCA,  3  band  composite  selected  from  the  ori¬ 
ginal  A  bands  and  the  composite  of  Yj,  Y,  and  Yj  are 
listed  in  Table  5.  From  Table  5,  the  following  con¬ 
clusions  may  be  derived:  Firstly,  the  transformation 
proposed  Is  as  optimal  as  PCA  in  terms  of  maintaining 
information  and  very  little  loss  is  observed  through 
this  transformation.  Secondly,  any  colour  composite 
of  three  original  bands  has  a  considerable  informa¬ 
tion  loss.  Thirdly,  by  examining  Table  5,  the  rela¬ 
tive  information  contribution  of  any  of  the  origin¬ 
al  TM  band  can  be  derived  in  the  following  way:  Let 
1(B)  stands  for  information  contribution  index  of 
band  B,  then 

I(5):I(A)  =  1(7,6,5):1(7,6,A)  =  1.26:1 

I(6):I(5)  =  I(7,6,A):I(7,5,A)  =  1.8:1 

■1(7):I(6)  =  1(7,5,A):I(6,5,A)  =  1.78:1 

1(4):I(5):I(6):I(7)  =  1:1. 26:2. 26:A.OA.  (3.2.1) 
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In  case  of  Mode  H, 

tgSj  =  dj/|lql| , 

X  u-  -  <*2  =  '*2 


cgBj  -  d^/lhl! 
eg®. 


d2  -  dj 


d,  -  d^  egOj-tge^ 


(2.4.3) 


Set  62  "  fhen, 


egkO, 


X  = 


tge,  -  cgkO 


eg®, 


Then 


ll<Vj*p)Vj-p||  ^ 
ll(Vj*p)Vj|| 


q+_^ 


1  +  X  • 

To  maintain  the  length  of  p,  (2. 4. A)  becomes: 

1 1  *  ^  II  (I  _  11 


p’'  = 


1+  X 


(2.4.4) 


(2.4.5) 


2.5  The  Fisher  Ratio  Statistical  Analysis 

As  discussed  earlier,  the  results  of  the  trans* 
formation  will  be  affected  by  different  rotation 
angles  0  and  scatter  adjustment  factor  k.  In  the  fol¬ 
lowing,  the  Fisher  ratio  will  be  tested  as  a  statis¬ 
tical  estimation  of  the  effects  of  the  transformation 
on  classification.  Let  us  suppose  there  arc  G  classes 
in  the  data  set.  The  Fisher  ratio  is  defined  as  the 
ratio  of  the  betwecn-class  scatter  S.  to  the  within- 


class  scatter  S 


2* 


F  =  S,/S2 


S  = 

g=l  1 
G  n  m 

g 

I  I  I  (x 


G  m 
2 


Sa  Si,  i,  f,  VA  I  . 

2  g=l  k=l  1=1 


(2.5.1) 


Under  r.ho  projection  transformation!  Y=XV*(0),F  value 
can  be  calculated  in  the  following  way  [4]:  first, 
define  the  wlthln-class  scatter  matrix  W  and  b-’twoen- 
class  scatter  matrix  B  as  follows: 

W  =  (w  ) 

pq  rxr 


pq 


g=l  k=l 


^^Pgk"  ^pg^^^qgk  ■  ^qg^ 


B  =  (b  ) 

pq  rxr 


pq 


=  ^  n  (y 


g=l 


g  Pg 


y  )(y  -  y  )• 

p  qg  q 


(2.5.2) 


where,  p,q  =  1,2,. ..,r, 
points  in  class  g.  Then, 


and  n  is  the  number  of  data 
g 


F  =  detB/detW. 


(2.5.3) 


Because  Y  is  the  function  of  rotation  angle  6,  Eq. 
(2.5.3)  should  be  written  as: 

F(6)  -  decB(o)/detw(o) .  (2.5.4) 

In  this  research,  the  betwoen-class  scatter  matrix  is 
replaced  by  the  total  scatter  matrix 

det(B(9)  H(e)) 


F(e) 


detW(9) 


(2.5.5) 


3.  EXPERIMENT  AND  RESULTS 

The  method  proposed  above  has  been  applied  to  the 
data  sets  collected  on  Sudbury,  Ontario.  In  this  ex¬ 
periment,  only  Quaternary  geological  problems  were 
considered.  According  to  Boissonneau  (1968),  there  is 
a  generalized  glacial  history  and  the  experimental 
area  is  part  of  a  thinly  drift-covered  and  w.ive- 
washed  bedrock  upland  containing  isolated  pockets  of 
glaciolacustrine  and  glaciof luvial  deposits  [7].  The 
remote  sensing  data  consist  of  Landsat  TM  data  and 
other  geological  and  geophysical  data  set.  Six  ground 
classes  were  selected  according  to  the  geological  map 
(Ontario  Geological  Survey,  1984)(Table  1).  They  are 
free  of  vegetation  cover. 

3.1  Equal  Load  of  Information 

Eigen  analysis  was  carried  out  on  the  data  set 
consisting  of  6  classes.  Some  of  the  results  are 
listed  In  Table  2.  It  is  clear  that  there  are  consi¬ 
derable  differences  among  the  variances  of  the  ori¬ 
ginal  TM  bands  and  If  the  first,  second  and  third 
principal  components  are  displayed  in  RGB  colour 
space,  the  percentage  of  Information  on  each  channel 
will  be  also  very  different  (Table  3).  Therefore, 
there  will  be  a  serious  overbalance  in  RGB  space.  For 
comparison,  eigen  analysis  was  also  performed  on  the 
transformed  data  set  Y  (Table  4).  Table  4  indicates 
that  after  the  transformation,  each  new  feature  has 
almost  equal  variance.  Because  of  the  existence  of 
correlation  among  Yj,  equal  variance  docs  not  neces¬ 
sarily  mean  chat  each  new  feature  has  an  equal  amount 
of  information  independently.  Considering  the  first 
variance  contribution  accounts  to  87'/,,  each  element 
of  the  first  eigenvector  can  be  seen  ns  the  informa¬ 
tion  load  onto  the  total  information  from  the  corres¬ 
ponding  Yj.  So,  the  first  eigenvector  suggests  Y, 

Yj  have  approximately  the  same  significance  in  infor¬ 
mation  space  (Table  3).  Accordingly,  if  Y  is  display¬ 
ed  in  RGB  colour  space,  a  better  balanced  resultant 
image  can  bo  expected. 

3.2  Information  Concent  after  Transformation 

Another  important  question  regarding  the  trans¬ 
formation  is  how  much  information  can  bo  retained 
through  the  transformation.  When  three  bands  are 
selected  for  RGB  colour  composite,  the  information 
contained  in  the  composite  can  be  measured  by  the 
product  of  three  eigenvalues  of  variance  covariance 
matrix  of  the  three  band  which  represents  the  volume 
of  the  ellipsoid  in  feature  space  [l].  Using  this 
method,  the  amount  of  information  contained  in  the 
original  4  bands,  the  results  of  first  three  compon¬ 
ents  of  PCA,  3  band  composite  selected  from  the  ori¬ 
ginal  4  bands  and  the  composite  of  Y.,  Y,  and  Y-  are 
listed  in  Table  5.  From  Table  5,  the  f^lowing  con¬ 
clusions  may  be  derived:  Firstly,  the  transformation 
proposed  is  as  optimal  as  PCA  in  terms  of  maintaining 
information  and  very  little  loss  is  observed  through 
this  transformation.  Secondly,  any  colour  composite 
of  three  original  bands  has  a  considerable  Informa¬ 
tion  loss.  Thirdly,  by  examining  Table  5,  the  rela¬ 
tive  information  contribution  of  any  of  the  origin¬ 
al  TM  band  can  be  derived  in  the  following  way:  Let 
1(B)  stands  for  Information  contribution  index  of 
band  B,  Chen 

1(5):I(4)  =  I(7,6,5)!l(7,6,4)  =  1.26:1 

I(6)!l(5)  =  I(7,6,4)!l(7,5,4)  =  1.8:1 

■1(7):I(6)  =  I(7,5,4)!l(6,5,4)  =  1.78:1 

I(4)!l(5):l(6)!l(7)  =  1:1.26:2.26:4.04.  (3.2.1) 
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FIGURE  CAPTIONS 

l.A:  The  projection  transformation  with  equal  inform¬ 
ation  distribution. 
l.B:  Rotating  V*  to  V*(A8). 

2:  Adjusting  scatter  by  rotating  data  vectors. 

3:  Mean  vectors  for  class  1,  2,  and  3. 

4:  The  Fisher  ratio  curves  with  different  parameters. 


TABLE  1 


Class 

No. 

Number  of 
Samples 

Geological  Formation 

1 

81 

Onnplng  Formaclon,  n  variety  of 
heteroHchic  breccias 

2 

63 

Onwatln  Formation,  carbonaceous 
and  oyrltic  mudstone 

3 

48 

Chelmsford  Formation,  uacko 

4 

45 

Sudbury  Igneous  Complex, 
granophyre 

5 

63 

Sudbury  Igneous  Complex,  norlco 

6 

55 

Unsubdivided  granitic  rocks 

TABLE  2 


Eigenvalue  No. 

Eigenvalue 

Variance  Contribution  ('41 

1 

45.15 

85.48 

2 

3.69 

6.99 

3 

2.61 

4.94 

4 

1.37 

2.59 

TABLE  3 


TM  Band  No. 

7 

6 

5 

4 

Variance 

25.63 

16.14 

7.95 

3.1 

First 

Eigenvector 

0.73 

0.56 

0.36 

0.16 

TABLE  4 


New  Feature  No. 

1 

2 

3 

Variance. 

17.46 

16.84 

17.15 

First 

Eigenvector 

0.57 

0.49 

0.45 

TABLE  5 


Data  Set  TM 

PCA 

New 

Feature  TM 

TM 

TM 

TM 

Selected 

Bands  7, 6, 5, 4 

123 

123 

7,6,5 

7,6,4 

7,5,4 

6,5,4 

Information 
Index  594 

434 

434 

337 

267 

148 

84 

The  Ratio 
to  Index 
(7. 6. 5. 4)  1 

0.73 

0.73 

0.57 

0.45 

0.24 

0.14 

TABLE  6.1 

V*(0) 

Matrix 

Table  6.2 

V*(45) 

Matrix 

0.083 

-0.462 

-0.882 

0.107 

-0.844 

-0.524 

-0.570 

-0.737 

0.338 

-0.936 

-0.245 

0.213 

-0.677 

0.296 

-0.247 

-0.319 

0.324 

-0.634 

-0.458 

0.395 

-0.216 

-0.102 

0.351 

-0.528 

TABLE  6.3 

TABLE  6.4 

Feature  No,  1 

2  3 

Feature  No.  123 

Variance  17,5 

16.8  17.1 

Variance  17.3  17.3  16.8 

First 

First 

Eigenvector  0.58 

0.49  0.45 

Eigenvector  .58  .49  .45 

TABLE  6.5 

TABLE  6.6 

Feature 

Feature 

No. 

1  2  3 

No. 

1  2  3 

1 

1.0 

1 

I.O 

2 

.816  1.0 

2 

.787  1.0 

3 

.791  .842  1.0 

3 

.831  .831  1.0 

TABLE  7  R  Matrix  with  Different  Scatter 


Mode  I 

Mode  11 

Feature  No. 

1 

2 

3 

1 

2 

3 

1 

I 

1 

k=1.5 

2 

.589 

1 

.646 

1 

3 

.669 

.669 

1 

.702 

.723 

1 

1 

1 

1 

k=2.0 

2 

.389 

1 

.551 

1 

3 

.502 

.502 

1 

.602 

.656 

1 

TABLE  8  Betwecn-Class  Distance  Matrix 


X 

Data 

V 

Dnfa 

Class  No. 

1 

2 

3 

Class  No. 

1 

2 

3 

1 

0 

1 

0 

2 

4.09 

0 

2 

6.42 

0 

3 

1.51 

2.59 

0 

3 

2.44 

4.05 

0 
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ABSTRACT 

A  muld-dimensional  (multi-spectral)  image  segmentation  technique 
IS  presented,  based  on  a  multivariate  Gaussian  mixnire  distribudon 
which  includes  spatial  dependence  through  the  incoiporadon  of  a 
Markov  random  field  that  governs  the  grouping  of  pbiel  classificadons 
into  regions.  Esdmadon  of  parameters  for  each  component  in  the 
mixture,  an  unsupervised  clustering  problem,  is  performed  using  a 
specializadon  of  the  EM  algorithm,  an  iteradve  scheme  for  maximum 
likelihood  parameter  estimation.  The  commonly  used  heuristic  Isodata 
algorithm  is  cast  in  this  theoretical  framework  and  is  shown  to  be  an 
approxunate  method  under  a  restricted  model  assumption;  furthermore, 
a  computational  approach  is  presented  which  allows  our  more  general 
procedure  to  be  employed  with  comparable  efficiency.  As  the  EM 
algorithm  is  essendally  a  parameter-refmement  procedure,  which  only 
locally  maximizes  the  likelihood  function,  good  inidal  esdmates  for 
parameters  are  crucial  in  obtaining  satisfactory  results.  Two  methods  are 
presented  in  this  regard  which  involve  incremental  building  of  model 
complexity:  1)  a  histogram  analysis  technique  in  which  a  smoothed  ID 
cluster  histogram  is  parsed  into  a  number  of  components  based  on 
inflecuon  points;  2)  a  straightforward  method  in  which  a 
maxunum-extent  cluster  is  replaced  by  a  two-component  mbtture.  The 
segmentadon  esamate  is  opdmal  in  the  sense  that,  based  on  the  statisdcal 
m^el,  it  is  the  most  probable  outcome  for  pixel  classificadons  given  the 
multi-dunensionai  imagery.  Our  segmentation  technique  is  being  used 
extensively  in  the  building  of  a  sutface-material-class  database  from 
Landsat  TM  imagery;  pracdcal  expenence  with  the  method  is  presented. 

1.  INTRODUCnON 

Methods  for  muld-dimensional  image  segmentadon  abound; 
surveys  of  previous  work  can  be  found  in  (7),  (9],  [12].  The  goal  of 
image  segmentadon  is  to  extract  a  set  of  regions  in  which  certain 
important  characterisdcs  are  homogeneous.  Kanade  [12]  divides 
muldspectral  image  segmentadon  techniques  into  three  categories 
comprised  of:  1)  those  which  use  local  spatial  informadon  for  region 
merging,  2)  those  which  use  spectral  informadon  (i.e.,  the  spatirdly 
independent  dismbudon  of  the  muld-dimensional  data)  for  region 
splitdng;  3)  those  which  use  spectral  and  spadal  informadon. 

In  this  paper  a  technique  is  presented  with  which  we  have  had 
pracdcal  success,  and  which  has  a  computationally  efficient 
implementadon.  It  is  based  on  computadonal  techniques  and  a  realisdc 
image  model  with  sound  theoredcal  underpinnings.  The  method  is  a 
member  of  category  3),  as  it  is  based  on  a  mixture  distribudon  which 
incorporates  spatial  dependence.  As  is  customary,  each  component,  or 
cluster,  in  the  mixture  is  modeled  using  a  normal  distribution.  Here,  an 
unsupcrvised  ciustenng  technique  is  used  to  estimate  the  number  of 
clusters  and  the  statisucal  charactenstics  of  each  cluster.  One  method 
presented  for  parsing,  or  sub-dividing,  clusters  is  a  scale-space 
histogr^rri  MMSiysis  tcchricjiic  [3]  extended  to  a  niulti'diniensiona! 
setdng.  Cluster  parameters  are  refined  using  an  iterative  technique.  The 
spatial  grouping  of  pixels  into  regions,  i.e.,  the  classification  of  each 
pixel  as  a  member  of  a  cluster,  is  governed  by  a  categorically  valued 
Markov  random  field  which  has  a  multi-level  logistic  distribution  [6]. 
Image  models  using  Markov  random  fields  for  segmentation  and 
restoration  in  a  single-image  setting  have  been  widely  used  [5],  [6],  [9j, 
[13].  The  model  promotes  the  formation  of  compact  regions  by 
assigning  a  high  probability  to  groupings  of  identically  classified  pixels. 
The  optimization  criterion  is  based  on  a  Bayesian  formulation;  in 


particular,  the  segmentation  is  a  MAP  estimate,  the  most  probable  pixel 
classifications  given  the  multi-dimensional  data.  In  the  compulation  of 
the  optimal  segmentation,  a  relaxation  procedure  is  used  which  involves 
locally  updating  the  segmentadon  estimate  [5],  [9]. 

The  paper  is  organized  as  follows.  In  Section  2,  the  clustering 
procedure  is  described.  The  output  of  the  clustering  is  essentially 
parameters  used  in  the  segmentation,  which  is  described  in  Section  3. 
Experimental  results  are  given  in  Section  4. 

2.  CLUSTERING 

The  model  used  for  clustering  is  given  by  the  following  normal 
mixture  distribudon,  which  is  the  marginal  distribution  at  all  pixel  sites 
of  the  muld-dimensional  image  data. 


p(x)  =  Z  jtk 


(1) 


where  m  indexes  data  dimension,  x  denotes  (x„,;  all  m],  k  indexes  the 
cluster  or  component:  itk  is  a  relative  frequency  or  prior  weight,  where 
X  ttk®!;  dmjt  is  a  mean,  Omjt  a  standard  deviation.  Note  that  the  i.i.d. 
assumption  relative  to  location  in  the  lattice  is  relaxed  in  the 
segmentation  technique  presented  later. 

Some  words  justifying  the  clustering  model  are  in  order.  The 
general  aim  is  to  represent  the  data  using  a  probability  distribution 
comprised  of  unimodal  distributions,  each  of  which  corresponds  to  a 
cluster  of  data.  The  data  are  described  compactly  by  cluster 
membership.  A  normal  distribution  provides  a  tractable,  reasonable 
unimodal  distribution.  Note  that  if  the  number  of  clusters  is  not 
upper-bounded,  the  model  is  perfect  in  the  sense  that  each 
muld-dimensional  datum  can  be  assigned  an  infinitesimally  narrow 
unimodal  distribution  centered  on  itself,  resulting  in  the  data  having  a 
likelihood  of  one.  This  of  course  is  not  a  useful  model,  so  the  number 
of  components  must  be  reasonably  restricted.  The  model  assumes  a 
diagonri  covariance  matrix  for  component  normal  distributions  for 
simplicity;  the  computadonal  burden  is  relaxed  considerably  relative  to  a 
general  covariance  matrix.  Furthermore,  even  if  an  independence 
assumption  is  not  valid,  the  model  is  adequate  if  the  marginal 
desenption  affords  inter-cluster  statistical  separability.  In  our  view, 
based  on  experiment,  a  compute-time/generality  tradeoff  supports  the 
model  used  here. 


EM  Algorithm 

The  EM  algonlhm  is  a  general  procedure  for  maximum  likelihooo 
estimauon  given  incomplete  data  The  specialization  of  the  EM  algorithm 
.applicable  to  the  mixture  estimation  problem  at  hand  is  given  by  the 
following  iteration  [16] 


ni">  =  -~Zp'"'"(kix.j) 

N  *J 

.■(n)  _  '  y  „  .  i  „  \ 


(2) 
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where  n  indexes  the  iteration,  (i  j)  indexes  location  in  the  image  latuce 
consisting  of  pixels,  \,.  denotes  (x„  (  ji  all  m).  Parameter  estimates 
for  each  cluster  are  in  the  form  of  sample  statistics  weighted  by  a  cluster 
membership  probability,  given  by 


dimenston  ot  the  muld-dimensional  data. 


N'  Hi  j): 


■ 


p(k  I  Xjj) 


(8) 


p‘"-'*(klx.,)  = 


P*'’''\lk)n, 
I  p‘'’‘'’(Xi,  I  k) 


(3) 


where  p("  '>lXij  I  k)  is  the  normal  distribution  of  the  muln-  dimensional 
data  for  component  k,  computed  using  the  parameter  set 
(''k.  Um.k.  Om.k  )*"■*’  obtained  at  iteration  (n-1).  Note  k  is  interpreted  as 
a  random  integer  as  well  as  an  index  to  clarify  the  presentation;  e.g., 
p(k)  could  be  used  to  denote  The  convergence  behavior  of  the  EM 
algonthm  is  that  at  each  iteration,  the  likelihood  function  is  increased, 
more  information  in  this  regard  can  be  found  in  [16].  The  measure  used 
to  test  for  convergence  of  the  EM  algorithm  is  given  by  the 
discrimination  information  [  14]  between  mixture  dismbuuons  at 
successive  iterations 


k  2 


j(n-l), 

“m.k 


(n) 


4 


om.k 


+  Om^k 


)(Vk  -Om'k 
(n-1) 


.jtn-D) 


)(l4n",’k-tiin".k'’)' 


(4) 


Discrimination  informaaon  between  the  model  at  one  iteration  and  the 
previous  one  falling  below  a  specified  threshold  signals  convergence. 

It  is  worthwhile  to  note  the  relationship  of  this  algorithm  to  the 
commonly  used  Isodata  algorithm  (7].  The  mixture  EM  algorithm  is 
equivalent  under  the  assumpaon  that  standard  deviations  and  relative 
frequencies  are  uniform  across  clusters,  and  when  the  cluster 
membership  probability  is  approximated  by 

p(k  I  X|j)  =  1  if  k  =  arg  max  p(k  I  x.p 

0  otherwise  (5) 

In  essence,  a  hard  decision  about  cluster  membership  is  made  at  each 
iteration  by  using  the  approximation,  under  the  assumption  that  relative 
freauencies  and  standard  deviations  are  uniform,  this  decision  at  each 
pixel  site  IS  given  by  the  cluster  with  its  center  closest  in  the  Euclidean 
sense  to  the  multi-dimensional  datum.  The  members  of  each  cluster  then 
each  contnbute  to  „  new  estimate  for  their  center  to  be  used  in  the  next 
iteration. 


Cluster  Parsing 


Note  that  this  is  a  sufficient  statistic  for  calculations  in  (2).  Compute 
time  is  reduced  because  once  the  statistic  is  computed,  the  large  sums 
overall  (i,j)  are  replaced  by  small  sums  over  all  values  of  for 
typical  eight-bit  images.  Use  of  the  statistic  lessens  the  computation 
carried  out  at  each  pixel  site,  the  computation  which  dominates  overall 
compute  time.  Additionally,  in  parsing  clusters,  the  histogram  statistic 
allows  the  use  of  scale-space  histogram  analysis  in  a  multi-dimensional 
setting. 

Scale-space  histogram  analysis  is  described  briefly  as  follows. 
The  method  performs  a  modal  analysis  on  a  ID  histogram  using 
infliction  points,  zero-crossings  of  the  second  derivative,  in  a  smoothed 
version  of  the  histogram.  InitiS  estimates  for  cluster  parameters  are 
rclaud  to  the  inflection  points  {x„)  by 


.  *ri+l 
tn=  i  hs(x)dx 
*n 

tin  “  *2  ^ 

for  n  even,  where  hjO  is  the  smoothed  histogram,  and  relative 
frequencies  are  appropriately  normalized.  A  Gaussian-shaped 
smoothing  kernel  is  used,  because  it  has  the  attravtive  property  that  the 
number  of  modes  monotonically  decreases  with  increasing  kernel  width 
[3|. 

The  method  is  applied  to  the  multi-dimensional  data  by  applying 
the  technique  recursively  to  the  1 D  cluster  histograms.  The 
mulu-dimensional  data  are  weighted  by  the  membership  probability  for  a 
cluster,  and  the  weighted  data  are  then  histogrammed  along  a  dimension 
of  the  multi-dimensional  data,  resulting  in  a  cluster  histogram  to  which 
histogram  analy-is  is  applied.  If  multiple  modes  are  found,  the  cluster  is 
subdivided  according  to  (9)  for  that  dhnension;  all  other  parameters 
remain  unchanged.  The  procedure  is  repeated,  each  time  followed  by 
EM  iteration,  for  all  clusters  along  all  dimensions  until  all  cluster 
histograms  are  unimodal  by  the  histogram  analysis  criterion.  The 
recursive  process  results  in  a  powerful  yet  manageable  method  for  the 
parsing  of  multi-  dimensional  clusters.  An  alternate  interpretation  of  the 
formation  of  the  clu.ster  histograms  is  as  follows.  The  multi-dimensional 
data  histogram  bins  ate  weighted  by  cluster  membership  probabilities. 
The  result  is  an  empirical  distribution  of  the  cluster  of  multi¬ 
dimensional  data.  The  weighted  bins  are  projected  onto  coordinate  axes, 
forming  empirical  margin^  distributions. 


The  EM  algorithm  is  a  parameter  refinement  procedure.  Initial 
estimates  of  parameter  values  are  necessary,  and  the  number  of 
components  must  be  specified.  In  this  section,  procedures  for  building 
up  the  model  by  subdividing  clusters  is  presented.  The  methods  involve 
first  assuming  a  single  cluster,  and  then  recursively  subdividing. 

A  simple  heuristic  for  subdividing  is  to  divide  in  two  the  cluster 
having  the  largest  standard  deviation,  in  the  hope  of  obtaining  a  model 
consisting  of  compact  clusters.  The  parameters  of  the  subdivided  cluster 
are  related  to  the  parent  cluster  by 

TT  O  ,  O  O  /^\ 

i:o=it,  =  Mo  =  ti-;j=;  u,  =  u+-;j=;  oo  =  0|  =  :^  w 

where  {it,  p,  oj  is  the  parameter  set  associated  with  cluster  k  along 
dimension  m,  with 

{m.ki  =  arg  max  (7) 

lm.k)  ■ 

.\1I  other  parameters  remain  unchanged.  The  relationship  (6)  is  such  that 
the  two-component  nuxture  distnbuuon  is  equivalent  to  the  parent 
distribution  up  to  the  second  moment.  This  sort  of  heuristic  is 
commonly  used  in  conjunction  with  Isodata  [17).  It  is  more  attractive 
here  however,  as  standard  deviations  are  an  explicit  part  of  the 
clustering  model. 

A  second  method  for  cluster  sub-division  is  based  on  a 
multi-dimensional  extension  of  scale-space  histogram  analysis  (3).  The 
method  (and  implementation)  is  based  on  tlie  following  statistic,  which 
is  an  empirical  marginal  distribution,  a  cluster  histogram  for  one 


Computational  Considerations 

The  computational  impact  of  using  the  cluster  histogram  statistic 
has  been  described.  In  addition,  a  look-up  table  approach  is  taken  for 
the  calculation  of  cluster-membership  probabilities,  which  are  given  by 

k 

a,  =  exp(log(nk)  -  2  (log(o™.k)  +  )) 

The  elements  of  the  sum  in  the  exponent  are  precomputed  before 
sweeping  the  image,  for  each  possible  value  of  x„  i_j.  For  typical 
eight-bit  images,  the  computations  comprise  a  sm^l  set,  which  allows 
storage  in  a  look-up  table.  With  the  remaining  logarithm  in  ajt 
precomputed,  the  computation  of  the  cluster-membership  probability  at 
each  pixel  site  involves  a  number  of  sums,  an  exponentiation,  and  a 
division.  The  result  is  that  the  total  amount  of  computation  is 
comparable  to  that  m  Isodata,  which  makes  our  algonthm  an  attractive, 
more  general  alternative. 

3.  SEGMENTATION 

The  result  of  clustering  is  a  set  of  parameters  for  each  cluster  in  the 
mixture  model.  In  this  section  the  segmentation,  the  final  hard  decision 
about  the  cluster  membership  of  each  •'tulti-dimensional  datum  on  the 
image  lattice,  is  presented.  Tlie  model  used  for  segmentation  is  identical 
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10  that  used  for  clustering  with  the  exception  that  the  independence 
assumption  associated  with  marginal  description  of  the  cluster 
membership  of  each  pixel  is  relaxed.  Toward  this  end,  the  enhanced 
model  for  cluster  membership  which  incorporates  spatial  dependence  is 
described.  The  optimization  critenon  is  then  derived  based  on  the 
model,  and  computational  aspects  of  the  segmentation  algorithm  are 
presented. 

Multi-Level  Logistic  Model 

The  multi-level  logistic  disuibution  was  proposed  by  Derin  and 
Elliott  in  their  work  on  single-image  segmentation  (6).  The  distribution 
IS  conveniently  presented  in  the  context  of  Markov  random  fields, 
described  through  Gibbs  distributions.  The  main  utility  of  the  Gibbs 
distribunon  lies  in  the  fact  that  a  random  field  can  be  described  in  a 
tractable  manner  in  terms  of  local  interactions  which  are  in  accord  with 
desired  behavior.  After  some  preliminaries  on  general  Gibbs  models, 
the  specifics  of  the  multi-level  logistic  mo^l  are  provided 

The  Markov  property  on  a  lattice  is  defined  with  respect  to  a 
neighborhood  system  {tiij),  where  nij  denotes  the  neighborhood  of 
pixel  site  (ij).  The  Markov  property  is  given  by 

p(w,j  I  Iwy:  (k.lMij)l)  =  p(w,j  1  {Wk,:  Mctiij))  (1 1) 

where  { w.j)  is  a  realization  of  a  general  2D  field.  A  Markov  random 
field  can  dways  be  expressed  in  the  form  of  a  Gibbt  distribution  (1) 


rule 

[n  pCXjj  I  ky)!  p({kij}) 

p({kij}  I  {xy})  = 

Note  that  as  in  the  clustering  model,  the  multi-dimensional  data  are 
assumed  independent  given  cluster  membership,  so  that  the  joint 
conditional  distribution  is  expressed  as  a  product  of  marginals. 

However,  the  cluster-membership  field  incorporates  dependence 
through  the  multi-level  logistic  ttiodel  of  spatial  interaction.  Spatial  as 
well  as  spectral  (in  the  case  of  multi-spectral  data)  clustering  is 
incorporated  in  the  segmentation  rixxlei.  The  choice  of  clique  potentials 
above  associates  a  high  probability  with  spatially  compact  regions 
consisting  of  identically  classified  pixel  sites.  Note  that  the  denominator 
in  (16)  has  no  dependence  on  cluster  membership,  so  is  simply  a 
normalizing  constant  which  does  not  effect  the  maximization  (IS). 

Relaxation  Mcihod 

Direct  computation  of  the  maximization  (IS)  is  not  practically 
feasible,  as  it  involves  a  search  over  all  possible  values  of  the 
cluster-membership  field,  which  grows  exponentially  with  N^.  A 
relaxation  method  is  therefore  presented  which  involves  iteratively 
updating  the  cluster  membership  at  each  site.  The  up^te  involves  a  local 
computation  given  by  the  following  conditional  distribution  derived 
from  (16) 


p({wy})  =  i  exp(-^I^V5({wy}))  (12) 

where  c  is  a  set  of  pixels  that  are  neighbors  of  each  other,  called  a 
clique-,  C  is  the  set  of  all  cliques;  Vj({  w^))  is  a  cUque  potential  which 
describes  the  interaction  among  members  of  clique  c;  Z  is  a  normalizing 
constant.  The  relationship  between  the  Gibbs  distribution  and  the 
Markov  property  is  demonstrated  by  the  following.  Consider 

p({w' }) 

p(w.,l{wk,:(k.IWM)})  =  j^j^^j^  (13) 


where  p({w,j)))  is  given  by  (12).  Note  that  the  normalizing  constant 
and  alt  clique  potentials  cancel  with  the  exception  of  the  potentials 
involving  cliques  of  which  (i  j)  is  a  member.  This  gives  rise  to  the 
Markov  property  (1 1). 

The  multi-level  logistic  distribution  used  here  describes  the 
cluster-membership  field,  consisting  of  a  set  of  cluster  memberships, 
one  for  each  pixel  site,  denoted  by  {ky);  i.e.,  it  is  a  2D  field  of  random 
integers  which  label  clusters.  Clique  potentials  are  given  by 

Vc({k,j})  =  -<1)5  if  all  k,j  in  c  are  equal 

£1)5  otherwise  (14) 

Only  certain  pair  clique  potentials  are  non-zero,  which  results  in  a  field 
Markov  with  respect  to  the  eight  nearest  neighbors.  Cliques  and 
associated  potentials  ate  depicted  in  Fig.  1. 


I  I  -I  Ch=  {(iJ).(i->-lJ))  :m,,  =  0.7 

H  Cv=  {(ij).(ijrl)}  ;(Oc  =  0.7 
neighborhood  %  VdO=  {(ij).  (>+lJ+l)}  :Oc  =  0.3 


0 


0  Cji  =  {(ij).  (i+1  j-1 )) ;  Oj  =  0.3 


Fi^.  I.  Clique  potentials. 


p(ky  I  {kki:  (x.l)  *  (i j)},{xy})  = 


p(xii  I K,)  p({itii}) 

2  p(xy  I  ky  )  p({ky}) 
*ij 


(17) 


where  the  sum  in  the  denominator  is  over  all  values  of  k,j.  Note  that  the 
posterior  distribution  is  Markov,  so  that  the  computation  mvolves  only 
the  multi-dimensional  datum  and  the  cluster  membership  at  site  (i,j),  and 
its  neighborhood  of  cluster  memberships.  The  calculation  for  the 
particular  multi-level  logistic  model  usm  here  involving  only  pair 
cliques  is  given  by 


a[k) 

pfky  I  {k,.:  (ij)  6  Tly},  Xy)  = - 


2  alkyl 

ky 


(18) 


a[ky]  =  exp(  2  2(i>j  #{(k,I):  (x,l)a(ij),(x,l)6C,  k-|=ky} 

\{c:  (i.j)  6  c)  ' 

-2[log(a„,kJ  +  i 


(  ’‘m.i.j  “ 


The  elements  in  the  first  summation  in  the  exponent  are  either  2(iiu  or 
zero,  depending  on  whether  the  membership  neighboring  (i  j)  in  the 
clique  is  equal  to  kjj  or  not,  respectively.  This  results  in  a  conditional 
probability  of  an  outcome  kjj  which  increases  with  the  number  of 
neighbors  having  membership  ky.  It  is  instructive  to  compare  this 
expression  with  (10),  the  clustering-model  membership  probability 
distribution.  It  is  identical  with  the  exception  of  the  first  term  in  the 
exponent,  associated  with  the  distribution  of  cluster  memberships 
which,  because  of  spatial  dependence,  are  indexed  relative  to  the  image 
lattice.  The  look-up  table  method  of  computation  is  employed  here  as 
well. 

The  relaxation  method  is  a  deterministic  version  of  the  Gibbs 
sampler  [9].  The  image  is  repeatedly  swept,  with  replacement  at  each 
pixel  site  given  by 


ky  =  arg  max  p(ky  I  {ky:  (i j)  e  py},  Xy)  (19) 

’'ij 


OulillliZdtioii  CliiefiOfi 

The  segmentation  is  based  on  the  MAP  estimate,  given  by 
{icy}  =  argrnax  p({ky}  l{x,j})  (15) 

vk|j/ 

which  is  the  most  probable  set  of  cluster  memberships  given  the  set  of 
multi-dimensional  data.  Tlie  posterior  distribution  is  given  by  Bayes' 


the  estimate  which  is  the  locally  wst  probahle  value  Following  the 
relaxation  procedure,  the  state  of  the  cluster  memberslup  field  emverges 
to  a  local  maximum  of  the  global  posterior  distribution  ('6).  To  avoid 
imposing  the  time  causality  on  the  lattice,  the  site  visit  ordering  is 
chosen  according  to  the  coding  method  [1].  The  initial  configuration  is 
the  maximum  likelihood  estimate  under  an  independence  assumption, 
which  is  given  by  (19)  with  the  conditional  probability  (18)  modified  by 
setting  the  first  term  in  the  exponent  to  zero. 
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4.  EXPERIMENTAL  RESULTS 

Practical  experience  with  the  method  is  demonstrated  with  a 
surface-material-classincation  application  to  six-band  Landsat  Thematic 
Mapper  (TM)  multi-spectral  data.  Our  method  is  currently  being  used  in 
this  way  to  produce  a  database  over  a  large  geographical  area. 

Here,  a  (1383x1 125)-pixel  area  was  extracted  from  TM  Path  14 
Row  30  which  covers  a  study  area  surrounding  Glens  Falls,  NY.  The 
tasseled-cap  transfomtation  [4]  was  applied  to  the  image  resulting  in 
brighmess,  greenness,  and  wetness  images.  This  transformation  is  a 
linear  rotation  which  allows  reducing  the  dimensionality  of  the  data  in  a 
manner  appropriate  for  the  sensor  and  the  discrunination  of  natural 
surface  materials.  Figure  2  shows  the  brighmess  image,  which  is 
essentially  panchromatic.  A  hybrid  approach  to  image  classification 
combining  supervised  and  unsupervised  classif.cation  strategies  was 
taken.  The  approach  involves  the  manual  selection  of  training  sets  for 
each  surface  material  category.  However,  the  distnbution  of  each 
category  is  not  assumed  unimodal;  i.e.,  the  clustering  algorithm  Is 
applied  to  each  category.  The  clusters  for  each  category  are  combined, 
and  the  segmentation  algorithm  is  applied.  Figure  3  shows  the 
segmentation  result,  where  the  grey-level  mapping  is  given  by  the 
cluster  mean  in  brightness.  A  total  of  51  clusters  are  represented,  each 
of  which  corresponds  to  one  of  nine  surface  material  classes  of  interest: 
agriculture,  urban,  bare  soil,  open  water,  grassland,  brush/scrub, 
deciduous  forest,  coniferous  forest,  and  mixed  forest. 

Accuracy  of  the  surface  material  classification  obtained  using  the 
segmentation  was  measured  based  on  ground  truth  obtained  from 
1 : 15,840  scale  SCS  oithophotos,  field  notes  and  terrestrial 
photographs.  A  95%  confidence  interval  was  const  acted  for  the  overall 
classification  accuracy  according  to  [15].  The  overall  classification 
accuracy  with  respwt  to  the  nine  surface  material  classes  was  86.8%, 
which  is  good  relative  to  other  research  using  similar  classification 
categories  (11),  [18].  The  agriculture,  open  water,  grassland, 
coniferous  forest  and  mixed  forest  classes  yielded  the  best  results  (82.9 
-  95.6  %).  The  lowest  classification  agreement  was  for  the  urban  (79.5 
%)  and  brush/scrub  (58.5  %)  classes,  which  is  attributable  to  their 
consisting  of  relatively  complex  mixnires.  More  detail  on  this 
experiment  may  be  found  in  (2). 

Summary 

A  new  segmentation  algorithm  is  described  using  a  rigorous 
statistical  framework.  The  presentation  includes  the  extension  of  a 
histogram  analysis  technique  to  a  multi-dimensional  setting,  as  well  as 
the  extension  of  results  of  single-image  segmentation  studies  for 
application  to  multi-dimensional  data. 
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Abstract. 

An  ad.nptive  reconstruction  system  has  been  developed 
to  analyze  sequential  images  observed  at  regular  time  inter¬ 
vals.  A  least-squnies  linear  predictor  with  escalator  structure 
lias  been  implemented  in  the  new  system.  Using  the  predic¬ 
tor.  estimates  of  missing  data  or  bad  (possible  cloud  covered) 
data  and  spatial  parameters  at  a  specified  time  can  be  ob¬ 
tained  from  pievious  history.  This  algorithm  recovers  from 
obsciv  atious  which  are  contaminated  due  to  blurring  and  cor- 
lelatcd  noise  using  temporally  adapted  spatial  parameters. 
Keyword}',  image  reconstruction;  adaptive  system;  spatial  pa¬ 
rameters;  Dayesian  estimation;  multispectrat  time  scries. 

1.  Introduction. 

During  the  last  decade,  a  wide  range  of  statistical  tech¬ 
niques  have  been  developed  for  analyzing  multispectral  im¬ 
ages  in  spatial  context.  However,  statistical  approaches  to 
multiteiiqroral  analysis  of  images  remain  largely  unexplored, 
iillliough  the  temporal  component  contains  abundant,  useful 
infoimalion.  The  evolution  of  technology  is  radically  affect¬ 
ing  the  (piantity  and  quality  of  data  collected  through  remote 
sensing.  It  is  now  possible  to  continuously  acquire  images  at 
regular  time  intervals.  Multitemporal  features  have  usually 
beeir  exploited  through  artificial  intelligence  approaches.  Re- 
cerrtly,  there  has  been  increased  interest  in  the  use  of  statisti¬ 
cal  multitcrnporal  techniques  in  a  spatial  context.  Khazenie 
(1987)  developed  a  contextual  classification  method  which  in¬ 
corporates  constant  temporal  correlation. 

lit  nrultitcmporal  image  analysis,  there  is  a  high  likeli¬ 
hood  that  during  at  least  one  of  the  data  acquisition  periods 
the  target  site  corresponding  to  arry  given  pixel  may  be  cov¬ 
ered  by  clouds,  thereby  resultiirg  in  missing  data.  Of  even 
greater  importance  is  the  need  to  incorporate  temporal  vari¬ 
ation  of  the  spectral  component  according  to  physical  proper¬ 
ties  of  targets  and  atmospheric  changes  into  image  processing 
technitiues.  These  problems  cair  be  overcome  by  “automatic 
unsupervised  learning”  in  the  reconstruction  system  through 
an  adaptive  predictor.  The  new  predictor,  which  provides 
<•?! ’mates  of  missing  observations  and  of  adaptive  spatial  pa¬ 
rameters,  uses  an  escalator  structure  associated  with  “Gram- 
Schmidt  orthogonalizatiorr”  (Ahmed  and  Youir,  1980).  With 
this  approach,  it  is  possible  to  analyze  a  sequence  o',  images 
as  an  on-line  process. 

In  digital  renrote  sensing,  the  original  distribution  of  ra¬ 
diated  intensity  is  modified  by  residual  effects  (blurting)  re¬ 


sulting  from  imperfect  sensing  of  target  and  by  spatially  auto- 
correlated  noise  due  to  atmospheric  attenuation  of  the  signal. 
Image  reconstruction  algoritlrms  are  based  on  the  premise 
that  a  reasonable  representation  of  the  original  image  can 
be  recovered  from  a  blurred,  noisy  version  of  the  true  target 
value.  The  effectiveness  of  the  algorithms  depends  to  a  great 
extent  on  the  validity  of  the  image  model.  A  statistical  model 
based  on  a  general  structure  of  the  digital  image  process  is 
proposed  as  one  component  of  the  reconstruction  system  to 
improve  pictorial  information  for  image  interpretation. 

The  original  uncontaminated  intensity  which  is  one  char¬ 
acteristic  of  the  physical  processes  of  targets  can  account  for 
random  variation  about  the  mean  intensity  that  is  inherent 
in  the  target  characteristics.  The  now  adaptive  image  recon¬ 
struction  procedure  is  based  on  a  multiple  compound  pro¬ 
cess:  (a)  the  mean  intensity  process  is  a  Gibbs  random  field 
(GRP)  (Georgii,  1979),  (b)  the  original  intensity  process  is 
a  multispectral  lime  series  (Robinson,  1967)  and  (c)  the  ob¬ 
servation  process  is  a  spatial-autoregressive  model  (Ripley, 
1981).  The  feedback  system,  which  combines  three  filters,  is 
out'ined  in  Figure  1.  The  algorithm  can  be  summarized  as 
follows.  Given  an  image  observation  and  a  probability  struc¬ 
ture  of  the  process,  the  original  intensity  is  restored  in  the 
Bayesian  restoration  filter.  The  linear  predictor  yields  the 
least-squares  prediction  and  the  covariance  structure  of  the 
oiiginal  intensity  for  the  next  stage.  The  prediction  is  used 
to  esitimale  the  spatial  parameters  and  the  mean  intensity, 
which  are  required  for  the  Bayesian  restoration  filter.  The 
linear  predictor  easily  detects  temporal  changes  in  the  spec¬ 
tral  behavior  of  sequential  scenes,  which  is  of  primary  interest 
in  many  applications. 

2.  Digital  Image  Model. 

The  following  assumptions,  which  can  jiroperly  describe 
fundamental  nature  of  actual  physical  processes,  are  used  for 
modelling  the  image  process:  (a)  the  original  intensity  pro¬ 
cess  is  reinesented  by  a  discrete  multispectral  time  series,  (b) 
a  GRF  characterizes  the  mean  intensity  process;  (c)  the  dis¬ 
tribution  of  original  intensity  is  acted  upon  by  homogeneous 
(shift-invariant)  linear  systems  to  produce  a  spatially  corre¬ 
lated  image,  (d)  the  spatial-noise  is  identical  over  the  image 
space,  (e)  the  temporal-noise  is  signal-dependent  and  corre¬ 
lated  acioss  spectral  bands  and  (f)  the  noise  is  additive  and 
Gaussian.  It  is  assumed  that  the  spatial  dependency  across 
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Figure  1.  Adaptive  reconstruction  system, 
time  c.Nliibitcd  in  the  pliy.sic<il  behavior  of  targets  is  assimi¬ 
lated  into  the  s|)atial  component  resulting  fiom  the  residual 
eU'ects  and  the  CIRF  te.'ttuied  model. 

(.'onsider  a  sample  image  of  <1  spectral  bands  with  a  set 
ol  indiies  of  the  pi.\cls  I,,  =  ii}.  If  l’((),i)  -^(Oa 

/t,,, ,  ate  vectors  denoting  the  observation,  the  original  inten- 
bil\  and  the  menu  intensity  for  the  rth  pixel  at  time  t,  for 
i  =  1 . II.  the  image  process  is  modeled  as, 

1(0..  =  -•Ibllo),;  ~  ^(Ojl  +  ®(‘) 

^U).‘  ~  Si=l  S;=t 

ulietc  .-l,j  and  D,,  are  the  spatial  coefTicieuls  associated  with 
the  ilh  and  ,/th  pixels.  C?  and  C,''  are  the  autoregressive 
and  moving-n\eiage  temporal  coefficients  associated  with  the 
the  /th  and  jth  time-lags.  £(,)  and  {V(i),i}  independent 
Gaussian  noise  vectors.  The  d  x  d  matrices  of  spatial  coef¬ 
ficients  are  diagonal,  Tempeial  coellicicnts  arc  contained  in 
general  d  x  d  matr  ices.  If  the  spatial  coefficients  A  =  {.4,y) 
are  proportional  to  the  rel.ative  proximity  of  the  pixel  pair, 
then  A  =  I  -  TD.  The  proximity  matrix  D,  whose  diagonal 
elemmrts  arc  all  zero,  is  operated  on  by  the  diagonal  matrix 
T  which  has  n  blocks  identical  of  d  elctncirts  on  the  diagonal. 
The  elertrertts  of  p  corresponditrg  to  the  iderrtical  block  deter- 
rtrirte  the  level  and  direction  of  spatial-rroise  autocorrelation 
in  the  cotrcsporrdntg  spectral  bands.  It  is  comirrort  practice  to 
rrse  this  asstrntption  to  simplify  the  rtrodel  for  rnatlrernatical 
tractabiiity.  Hlock-tows  of  the  blurring  operator  B  =  [Bij] 
arrd  the  proxinrity  rtratrix  D  =  {D,]}  ate  rciated  by  a  circular- 
shift  in  a  hotttogettotts  linear  system  if  the  bourtdary  is  “peri¬ 
odic’'  and  ate  usually  lakctt  as  “stochastic  rtratrices.” 

3.  Restofatrorr  of  Origtttal  Intensity, 

If  the  spatial  coefficients  and  the  probability  structure 
of  th(!  process  ate  known,  for  the  observatiorr  Y.  restoration 
of  the  otigittal  irrtensity  is  straightforward  using  the  Bayesiatt 
criteriorr. 

Lot  X  ~  A'(;t,r,,)  and  e  ~  .^(0,1’*)  where  the  block- 
diagonal  matrix  1’,,  =  {S,}  and  Tj  =  {Ej}  ate  the  covariance 
matrices  of  the  corresirondiitg  ttoise  processes.  The  I',,  = 
{E;}  has  a  sigrral-dependertt  structure,  while  the  blocks  of 


r,  =  {Ej}  are  iderrtical.  The  likdiltood  e(|uatiott  for  tlrisi 
structure  is  givcir  by: 

(r,7'  -f  r7‘s's)x  -  rr's'AY  -  =  ,o 

where  S  =  AB.  If  =  r„r7‘S'S  and  7($,)  <  1(7(-)  de-' 
notes  the  spectral  radius  of  ■ ),  then,  (Pullman,  1976) 

X  =  f;(-l)‘<&i(4>,B-‘Y-h#i).  (1) 

1=0 

In  practice,  it  cart  be  usually  presumed  that  the  signal- 
dependertt  noise  process  is  quite  stable  contpared  to  the  spa¬ 
tial  ttoise  process  of  the  whole  image.  In  additiorr,  the  spatial 
structure  of  images  is  gctrorally  approximated  by  coefficients 
which  are  cetrter-dominant,  and  pixels  arc  correlated  with 
others  in  close  spatial  proximity.  For  this  reason,  a  suitable 
choice  of  S  would  typically  results  in  rapid  convergence  of 
the  terms  in  (1),  so  X  can  be  quite  adequately  estimated  by 
truncating  the  strmmatiott  at  small  k.  However,  when  the  co- 
efltcicnts  are  .adaptively  estimated,  they  sometimes  turn  out 
to  be  too  irregular  to  satisfy  the  requirements  of  the  spec¬ 
tral  radius  beirrg  withirr  urrit  circle  or  of  fast  convergence.  It 
may  be  rrsefirl  to  apply  arr  iterative  approach  similar  to  the 
poirrt-Jacobiarr  iter.atiorr  method.  Denote  S'S  =  {S”},  and 
let  Mo  =  {M^  =  S“*  -f  Sf'S,*}  be  block  diagonal  arrd  let 
Ml  =  {j\/b  =  E7’S,*j,t  ^  j]  be  a  block  rrratrix  of  which 
itil  diagorral  blocks  are  0.  With  the  convorgerree  condition 
7(M7*Mi)  <  1,  the  original  intensities  are  iteratively  recov¬ 
ered:  for  the  fth  iteration, 

} 

where  'll  =  AY)-|-r7'//  is  the  column  vector  with 

n  blocks  of  {^i}  which  are  vectors  of  order  d.  The  condition 
to  obtairr  a  unique  solution  are  more  relaxed  tharr  for  (1). 

4.  Estimation  of  Mean  Intensity  and  Spatial  Parame¬ 
ters. 

In  the  irroiroscd  system,  the  parameters  used  in  the 
restoration  of  the  origirral  intensity  are  computed  adaptively 
frotrr  irrterrsity  values  predicted  on  the  basis  of  the  previous 
history  of  the  process. 

hr  remote  sensing  applications,  it  is  presumed  that  a 
“surface  patch”  in  a  true  scene  is  likely  to  be  spatially  con¬ 
tinuous  and  cohesive.  In  digital  image  analysis,  the  knowl¬ 
edge  that  pixels  which  are  spatially  close  together  tend  to 
have  the  same  class  in  which  the  mean  intensities  are  densely 
distributed  is  extremely  important.  The  Bayesian-  approach 
is  ertrployed  hcreitr  to  estimate  the  mean  intensity  as  in  the 
rcstor.'ifiorr  of  the  original  irrterrsity.  The  GRF  is  used  as  a 
rrroirsurc  to  quarrtify  the  spatial  continuity  probabilistically, 
that  is,  to  provide  some  type  of  prior  information  of  the  mean 
irrterrsity  process. 

For  a  probability  structure  of  p,  a  class  of  Gibbs  mea¬ 
sures  is  specified  with  the  energy  furretiorr  Ep(p).  If  |  •  |^ 
derrotes  the  square  of  each  of  the  elements, 

~  ]C(p,ry)6C,  ~ 

where  ap,,/  is  a  nonnegative  coefficient  vector  which  represeirts 
the  “bonding  strength”  between  the  pth  and  (/th  pixels,  and 
Cp  denotes  the  collection  of  all  pair  cliques.  A  simple  homoge¬ 
neous  GRP  Is  assumed  in  this  paper.  If  the  bonding  strength 
is  proportiorral  to  the  proximity  of  pixel  pair  in  cliques  and 
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is  cuii^taiil  acioss  tlic  spectral  bands,  tlie  energy  function  is 
tlicn  expressed  with  scalar  a: 

where  M,,  =  I  - 

where  D,,  is  a  proximity  matrix  consistent  with  the  neigh¬ 
borhood  system.  The  proximity  matrix  is  again  a  stocliastic 
matrix  with  all  diagonal  elements  being  zero;  for  the  periodic 
bonndaty,  this  matrix  is  blork-circulant.  If  X  ~  JV(/»,r,), 
the  MAP  estiimition  problem  is  reformulated  as  an  optimiza¬ 
tion  problem  (Lee,  1989); 

rtritr  (X  - /i)'r"*(X  - /x) -f  o/i'Mp/i 

llased  oit  the  re(|uirettrerrt  that  the  e.stimatc  p  rrnrst  fit  the 
data,  the  o|>titrtal  solution  of  ft  can  be  approximated  by  using 
a  matr  ix  series  expatrsion  as  in  (1)  if  a  value  of  some  param¬ 
eter  of  the  distribution  of  the  scaled  distarrcc  is  given.  In 
order  to  ajrply  this  approximation  to  image  processing  prob- 
lettrs,  errough  spatial  variation  in  the  charateristics  of  targets 
associated  with  the  mean  intensity  should  be  existed  so  that 
^(ar,,)  is  srrflicicrrtly  less  than  1.  Alternatively,  the  mean  in- 
terrsity  can  iteratively  be  estimated  with  a  supervised  value 
of  a  (Lee,  1989). 

The  spatial  cocincierrts  B  and  p  arc  usually  considered 
to  be  statiorrary  over  lime  itr  conventiorral  approaches.  This 
.slatiorrarity  assirrrtptiorr  is  not  cons.stcnt  with  marry  remotely 
serrsed  processes  where  tenrporal  changes  in  the  atmospheric 
errvirorrrrrent  sigrrifrcarttly  affect  the  spatial  component. 

Let  Y  bo  the  observation  process  at  the  present  time. 
It  is  complicated  to  estimate  the  coefRcicnt  T  for  a  model 
which  involves  TDY  and  TDBX.  This  model  has  a  rather 
corrrplex  autoregressive  structure.  The  autoregressive  process 
can  be  simplined  sonrewhat  by  taking  S  =  {Sj;}  as  an  inde- 
pendertt  parameter.  Under  this  assumption,  the  interaction 
arnutrg  {T,}  is  represertted  by  a  direct  dependence  of  Yt  on 
[Yj,j  ^  i}  according  to  D  and  T,  and  S  integrates  the  spa¬ 
tial  telalioitsirips  of  elements  of  X  to  explain  Y.  Tire  spatial 
corrrporrcrrt  is  independerrt  across  spectral  bands,  so  the  pro¬ 
cess  can  be  treated  separately  in  each  band. 

For  rrotatiorral  convenience,  the  band  index  is  omitted 
itr  the  followittg  discussion.  Given  X,  the  log  likelihood  of  a 
spectral  battd  is  givett  by: 

a-  +  log  |.4|  -  ^  log  (tI  -  AY  -  SX)'( AY  -  SX)  (4) 

where  £  ~  N{0,aj).  Using  the  properties  of  the  circulant 
tnalfix,  SX  =  Mx5c,  where  the  vector  Sc  =  {Su,...,Sn-i} 
is  a  discrete  forttt  of  the  “shift-invariant  point  spread  func- 
tiorr"  and  the  rtratrix  M*  is  a  circular  form  for  arranging  X 
accordittg  to  S.  The  dimettsion  of  Sc  artd  Mr  can  be  reduced 
accordittg  to  the  blurrittg  neighborhood  system,  the  order  of 
which  is  iisually  chosett  to  be  low.  The  maximum  likelihood 
estirtrates  of  Sc  artd  obtairred  from  (4)  arc 

Sc  =  (M'^Mc)“‘M>Y  artd  d?  =  n-‘(Y'A'$rAY)  (5) 

'.vhcic  'I’j  =  I  —  M,  (M*  M,  )“’M' .  By  replacing  these  e.s- 
liirrates  in  (■!),  the  m.'ixitnuttt  likelihood  estimate  of  p  then 
maximizes 

‘i  log \A\  -  log(>l<rY  -  rDY)'('PrY  -  p^V ,DY). 


The  likelihood  is  evahrated  to  clroose  a  value  of  p  within  the 
borttids  ±1.  Denotirtg  eigenvalues  of  the  stochastic  matrix  D 
trs  {A,},  the  first  term  is  expartded 
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These  cigertvahres  are  easily  computed  by  the  fast  fourier 
transform  and  |A;|  <1.  If  the  function  is  searched. in  the 
region  |p|  <  1,  the  terms  which  are  functions  of' at  least  the 
third  power  of  the  eigenvalues  are  trivial.  Then,  the  optimal 
value  is  equivalent  to  the  solution  of  the  equation 

P*  +  {'i>u  ~  ~‘Pt)p^  -f  {<l>i  ~  +  tr’o)p  +  ~  0 

where 

f^o  =  ^A./^A?,  «i.  =  »/^A?, 

,  _  Y'»rY  ,  Y'4<rDY 
Vv  ~  yiD'^r^DY’  ~  Y'D'^rDY' 

A  simple  line  search  can  find  a  zero  point  corresponding  the 
maximum  likelihood  within  the  bounds  of  p. 

5.  Adaptive  Prediction. 

The  conventional  matrix-oriented  algorithms  for  adap¬ 
tive  linear  prediction  of  multivariate  processes  are  suscepti¬ 
ble  to  numerical  instability  due  to  matrix  inversions  and  cause 
“run  time  and  storage  complexity”  for  multiple  line  processes 
such  as  pixel-by-pixel  image  processing.  An  alternative  ap¬ 
proach  has  been  implemented  for  the  image  reconstruction 
system  of  multitemporal  images.  The  method  based  on  the 
“orthogonal  escalator  structure"  (Ahmed  and  Youn,  1980) 
requires  only  scalar  operations  and  less  storage  for  the  pa¬ 
rameter  updating  procedures. 

Let  =  {sj}  be  a  stationai'y  zerb-mean  multivariate 
time  series  of  order  d.  If  the  series  is  a  linear  autoregressive 
moving-average  (ARM A)  process  of  order  (p,?),  ■ 

Zt  =  CVf\-rft 

c  =  {ct . . q) 

Vt  =  •  I*?!-*}' 

C-  =  (c,-;)  is  the  d  X  K  matrix  and  Vt  =  {«*}  is  the  vector  of 
Older  A'  where  A'  =  d[p  -f  q).  A  linear  predictor  of  ARMA 
{p,q)  based  on  Vt  has  the  form 

Zt  =  CVt. 

The  adaptive  coefficients  are  expressed  as  a  function  of  time 
due  to  their  time-varying  characteristics:  Ct  —  {cy}. 

Given  the  covariance  matrix  S|,  of  Vt,  there  exists  a  unit 
lower  triangular  matrix  L  sucli  that 
Ai  =  iS‘i'. 

The  diagonal  elements  of  A(,  are  the  characteristic  roots  of  the 
covariance  matrix  and  the  elements  of  the  vector  Wt  =-LVt  = 
{u)|}  are  uncorrelated.  The  key  feature  of  the  algorithm  is 
a  factorization  procedure  related  to  the  unit  lower  triangle 
transrorm.  The  matrix  L  can  be  decomposed  into  a  product 
of  unit  lower  triangular  matria‘s 

i  =  0^1  it 
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Z(  =  =  ^[j  <>i“l  oil  anotlici  elcrncnl!.  me  0}. 

Using  llieii  imigularslnictuie,  U’l  is  obtained  recursively 


=/''• 

i  =  1 , . . . ,  A'. 


ir!  =  tr 


J  =  1 

j  ^  1  and  i  >  j 


Using  tin*  adaptive  Icnst-sciuares  escalator  picdictor  dcvel- 
ojied  l)y  Alimed  and  ^o^ln  (19S0),  l‘,  j  can  be  updated.  The 
adaptive  least-sqiiaies  linear  predictor  for  the  actual  process 
Zi  llien  results  from  the  altei  native  icpresentation  of  the  fore¬ 
casting  eijuation 

z,  =  c,i-'ir,  =  C,IU,. 

The  parainetei'  .iie  updated  using  a  steepest  descent  ap- 
pioaeh  (llonig  and  .\lesseisihinitt,19S'})  according  to 

ej^'  =  c[j  -p 

Af  =CAJ-K1  -Qwf 

wheie  =  m/AJ’*''.  ;;[  =  The  convergence 

rate  -  and  the  sii.oulliiiig  paiainetei  (  arc  bounded  between 
0  and  1,  and  generally  chosen  close  to  1.  The  covariance  ma¬ 
trix  of  Zi  is 

E{z,z;i  =  c'l.A'c;. 

If  the  recent  data  come  from  a  diffeient  distribution,  the  like¬ 
lihood  variable 

''<  =  E;'=.11osa;  +  </a;1 

ycill  ijaueaso  Qionifiraiit Iv  so  e.  can  be  used  as  a  good  ile- 
tedion  statistic  foi  the  "unexpectedness”  of  the  recent  data 
points  in  the  variance  sense. 

The  )(-pixel  inten.sity  i)iocess  after  decoiiclating  the  spa¬ 
tial  components  is  considcied  as  n  independent  ime  processes 
wheie  Zi  coriesponds  to  A'(/).,  -  i  =  'J'he  lo¬ 

cal  statioiiarily  of  the  mean  intensity  can  usually  be  assumed 


ill  multileinporal  piocesses  over  short  observation  intervals. 
Otherwise,  its  variation  can  be  adapted  by  Titting  to  a  simple 
polynomial  function  of  time  with  “'xponential  weight”  be¬ 
cause  of  the  independence  of  the  mean  intensity  (Lee,  1989). 

0.  Examples. 

The  new  adaptive  reconstruction  system  has  been  tested 
with  simulation  data.  Figure  2  illustrates  examples  of  the  re¬ 
sults  for  a  simple  simulation  image.  The  data  were  generated 
from  autoregicssive  stationary  time  series  of  second  older  for 
30  time  steps  and  spatially  contaminated  according  to  the 
model  given  in  Section  2.  The  original  pattern  of  the  whole 
scries  was  modelled  as  a  GRF  of  3  classes.  A  full  analysis  for 
the  results  of  the  algorithm  when  ap))lied  to  simulation  data 
and  to  satellite  images  will  be  presented  a  fort’*coming  paper. 
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ABSTRACT 

Statistical  multisuurce  classiEcation  of  remote  sensing  data  and 
geographic  information  by  means  of  a  method  based  on  Bayesian 
Classification  theory  is  investigated.  Extensions  are  made  to  the  method 
to  control  the  influence  of  the  data  sources  involved  in  the  classification 
process.  Reliability  measures  are  introduced  to  rank  the  quality  of  the 
data  souf«,es.  The  data  sources  arc  then  weighted  according  to  these 
rankings  in  the  multisource  classification.  Four  data  sources  are  used  in 
experiments:  One  is  Landsat  MSS  data;  the  other  three  contain 
topographic  data  (elevation  data,  slope  data  and  aspect  data).  The  data 
classes  in  the  Landsat  MSS  data  are  treated  as  Gaussian  but  the  data 
classes  in  the  other  sources  ?re  treated  as  non-Gaussian. 

KEY  WORDS:  Classification,  multisource  data,  global  membership 
function,  reliability,  weights. 

1.  INTRODUCTION 

Computerised  mformation  extraction  from  remotely  sensed 
image:  y  has  been  applied  successfully  over  the  last  two  decades.  The 
image  data  has  mostly  been  multispectral  data  and  the  statistical 
pattern  recognition  (multivariate  classification)  methods  are  now 
widely  known.  Within  the  last  decade  advances  in  space  and  computer 
technologies  have  made  it  possible  to  amass  large  amounts  of  data  about 
the  Barth  and  its  environment.  The  data  are  now  more  and  more 
typically  not  only  spectral  data  but  include,  for  example,  forest  maps, 
ground  cover  maps,  radar  data  and  topographic  Information  such  as 
'''“vation  and  slope  data.  We  may  therefore  have  many  kind*  of  data 
a  different  sources  regarding  the  same  scene.  These  are  collectively 
.lied  multisource  data. 

We  are  interested  in  using  all  these  data  to  extract  more 
information  and  get  more  accuracy  in  classification.  However,  the 
conventional  multivariate  classification  methods  cannot  be  used 
satisfactorily  in  processing  multisource  data.  This  is  due  to  several 
reasons.  One  is  that  the  multisource  data  cannot  be  modeled  by  a 
convenient  multivariate  statistical  model  since  the  data  are  multiiype. 
They  can  for  example  be  spectral  data,  elevation  ranges  and  even  non* 
numerical  data  such  as  ground  cover  classes  or  soil  types.  The  data  are 
also  not  necessarily  in  common  units  and  therefore  scaling  problems  may 
arise.  It  is  also  desirable  to  determine  the  reliability  of  each  data  source 
.nd  weight  the  sources  in  the  classification,  because  all  the  sources  are  in 
general  not  equally  reliable.  This  all  implies  that  methods  others  than 
the  conventional  multivariate  classification  hav?  to  le  used  to  classify 
multisource  data. 

Various  ad  hoc  methods  have  been  proposed  to  classify 
muttisource  data.  However,  we  are  interested  in  developing  more 
general  methods  which  can  be  applied  to  classify  any  type  of  data.  In 
particular,  our  attention  is  focused  on  statistical  multisource  analysis  by 
means  of  an  approach  based  on  Bayesian  classification  theory  which  was 
proposed  by  Swain,  Richards  and  Lee  |I,2].  An  extersion  of  their 

*  Thii  rmareb  t»  lupported  by  the  Nstioosl  Aeronsulici  end  Spsce  '.dminiilrstioo 
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method  will  be  examined  in  this  paper. 

Our  objective  is  to  modify  the  method  to  take  into  account  the 
relative  reliabilities  of  the  sources  of  data  involved  in  the  classification. 
This  requires  a  way  to  quantify  the  reliability  of  a  data  source,  which 
becomes  important  when  we  look  at  the  combination  of  information.  The 
foundation  of  the  method  for  combination  from  various  sources  consir* 
essentially  of  multiplication  of  8ource*specific  posterior  probabilities  from 
all  the  sources  involved  in  the  classification.  If  any  of  the  sources  are 
unreliable  they  can  affect  the  outcome  of  the  multiplication 
disproportionately  and  consequently  increase  classification  error. 

In  this  paper  we  investigate  methods  to  determine  the  reliability 
and  define  a  corresponding  reliability  factor  (weight)  for  each  data  source. 
The  reliability  factors  are  then  included  in  the  classification  process 
Experimental  results  are  given. 

2.  FUNDAMENTALS  OF  STATISTICAL 
MULTISOURCE  ANALYSIS 

The  method  proposed  in  |l,2]  extends  welLknown  eoneepta  used  for 
classification  of  multispectral  images  involving  only  one  data  source.  In 
this  method  the  various  data  sources  are  handled  independently  and  each 
can  be  characterised  by  any  appropriate  model.  The  data  in  each  source 
is  first  clusified  into  a  source-specific  number  of  data  e/aisei.  The 
information  from  the  sources  is  then  aggregated  by  a  global  membership 
function  and  the  data  is  classified  accordmg  to  the  usual  maximum 
selection  rule  into  a  user-specified  number  of  tn/ormalton  e/as«ei.  The 
global  membership  function  has  the  followmg  form  for  the  information 
class  if  n  data  sources  are  used: 

Fj(x)  =  [p{w,))»-“np(wiix.)  (1) 

i-i 

where  X  =  IXi.X,,  •  .  •  ,Xa]  it  t  pixel,  it  the  prior  probtbility  of 
Wj  and  p(C.^  jX.)  it  t  tource-ipecific  poiterior  probtbility. 

Tbit  itttittictl  multitovrce  utlytit  tpprotch  it  tn  exteniion  of 
lingle-tource  Btyetitn  clutificttion.  However,  the  method  at  pretented  by 
Swain,  Richirdt  and  Lee  [1,2]  doei  not  provide  a  latiifactory  mechanitm 
to  account  for  varying  degreei  of  reliability.  It  it  our  belief  that  tbit 
problem  can  be  overcome  if  reliability  factort  are  aatociated  with  each 
tourcc  involved  in  the  clatiification.  For  thit  reaton  we  will  invettigate  a 
modified  veraion  of  thit  method  by  meant  of  which  reliability  analyaia  it 
added  to  the  clatiification  proceii. 

a.  THE  RELlABttlTY  APPROACH 

Wc  want  to  auociate  reliability  factor!  with  the  tourcet  in  the 
global  memberthip  function  dUcuued  above,  i,e.,  to  expte.. 
quantitatively  our  confidence  in  each  lource,  and  uie  the  reliability  factor 
for  claaeification  purpoeea.  Thie  it  very  Important  becaute  it  it  necettary 
to  increaae  the  infiuence  of  the  "mote  reliable”  tourcet,  i.e.,  the  eonreet  we 
have  mote  confidence  in,  on  the  global  memberthip  function  and 
coniequently  decreaae  the  influence  of  the  "lete  reliable”  tourcet  in  order 
to  improve  the  claecificatio.-!  accuracy.  The  need  for  reliability  factort 
becomet  apparent  by  looking  at  equation  (1)  where  the  global 
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membership  function  ib  a  product  of  probahilitic^  t«>  ».mIi 

source.  Each  probability  has  valu.:  in  tlie  interval  from  0  to  1.  If  any 
one  of  them  is  near  »cro  it  will  carry  the  value  of  the  membership 
function  close  to  tcro  and  therefore  downgrade  drastically  the 
contribution  of  information  from  other  sources,  even  though  the 
particular  source  involved  may  have  little  or  no  reliabilitv. 

It  is  clear  then  that  it  is  desirable  to  put  weights  (reliability 
factors)  on  the  sources  which  will  influence  their  contributions  to 
classification.  Since  the  global  membership  function  is  a  product  of 
probabilities  this  weight  has  to  be  involved  in  such  a  way  that  when  the 
reliability  of  a  source  is  low  it  must  discount  the  influence  of  that  source 
and  when  the  reliability  of  a  source  is  high  it  must  give  the  source 
relatively  high  influence.  One  possible  choice  for  this  kind  of  analysis  is  to 
use  reliability  factors  as  exponents  on  the  factor  for  each  source  in  the 
global  membership  function. 

Let  us  now  determine  the  contribution  from  a  single  source  in  the 
global  membership  function.  The  global  membership  function  for  n 
sources  is  shown  in  equation  (1).  If  one  source  is  added  to  those  n  sources, 
i.e.,  we  have  n  -f  1  sources,  the  global  membership  function  could  be 
written  in  the  following  form: 

F,(X)  =  [p(tjj)]-”np(Wj|x,)  (2) 

i-l 

If  equation  (2)  is  divided  by  equation  (1)  we  get  the  contribution  from 
aouTM  number  n+1  -which  is  lxn+i)/p(Wj).  This  motivitea  us  to 
rewrite  equation  (1)  in  the  foliowing  form: 

Fj(X)  =  p(Wj)n{p(Wjlx,)/p(Wj)}  (3) 

i-1 

Now  to  control  the  influence  of  each  source,  reliability  factors  Or,  are 

assigned  as  exponents  on  the  contribution  from  each  source.  Therefore 

equation  (3)  with  reliability  factors  is  written  as: 

Fj(X)  =  Ph)n{phlxi)/ph)r  (u) 

1-1 

where  the  a, 'a  (i  =  1,  .  .  .  ,n)  ire  aelected  in  the  interval  (0,lj  becauae 
of  the  following  reasona.  If  aource  i  ia  totally  unreliable  (a,=0)  it  will  not 
have  any  influence  on  (4a)  becauae 

{P(wj  |x,)/p(Wj)}®  =  1 

regardlesa  of  the  value  of  |xi).  And  if  source  i  has  the  highest 
reliability  (a,=l)  then  it  will  give  a  full  contribution  to  (4a)  becauae 

{pI^^j  Ix.)/P{‘^))}‘  =  P(<^  |xi)/p(w,) 

It  is  also  worthwhile  to  note  that  this  method  of  putting  exponents  on  the 
probabilities  does  not  change  the  decision  for  a  single-source  classification 
because  the  exponential  function  is  a  monotonic  function  of  p. 

Equation  (4a)  can  also  be  written  in  a  logarithmic  form  as: 

log  Fj{X)  =  log  p(Wj)  + 

Sa,log  {p(Wj|xi)/p(Wj)}  (4b) 

where  the  reliability  factors  are  expressed  as  the  coeflicienls  in  the  sum. 
These  coefficients  act  like  weights  in  the  sum  and  control  the  influence  of 
each  source  on  the  global  membership  function.  Another  way  to  see 
this  is  to  look  at  the  sensitivity  of  the  global  membership  function 
to  changes  in  one  of  the  probability  ratios  This  can  be  expressed  as: 

^Pj(X)  _  <M'-^j|x,)/p(Wj) 

F,(X)  p('..jlx.)/p(u.i) 

and  shows  that  fr,  represents  the  sensitivity  which  implies  that  the  value 
of  rr,  will  control  the  influence  of  source  number  i  on  the  global 
membership  function  since  a  percentage  change  in  the  posterior 
probability  leads  to  the  same  percentage  change  in  the  global  membership 
function,  multiplied  by  ('v,. 

Th  problem  is  to  quantify  the  reliability  of  the  sources  and  define 
the  reliabilUy  factors,  {rr,},  based  on  the  reliability  of  the  sources.  We 
think  of  a  source  as  being  reliable  if  its  contribution  to  the  combination 
of  information  from  various  sources  is  "good”,  i.e.,  if  the  classification 
accuracy  r  increased  substantially  or  more  information  is  extracted  by 
using  this  particular  source. 


The  process  of  determining  the  reliability  factors  is  a  two  stage 
process.  First  the  reliabilities  of  the  sources  have  to  be  measured  by  some 
appropriate  "reliability  measure"  and  then  the  values  of  the  reliability 
measures  must  be  associated  with  the  reliability  factors  in  the  global 
membership  function. 

5.1  Reliability  Measures 

Using  the  above  understanding  of  a  reliable  source,  three  measures 
are  applied  to  quantify  the  reliability  of  a  source:  weighted  average 
separability,  overall  classification  accuracy  and  equivocation.  Ail  these 
measures  are  related  to  the  classification  accuracy  of  the  source. 

5.1.1  Separability  of  Information  Classes 

We  call  a  source  reliable  if  the  separability  of  the  information 
classes  is  high  for  the  source.  If  on  the  other  hand  the  separability  of  the 
information  classes  is  low,  the  source  is  not  reliable.  Therefore  one 
possibility  for  reliability  evaluation  is  to  use  the  average  statistical 
separability  of  the  information  classes  in  each  source,  e.g.,  average 
Bhattacharyya  distance,  average  Jeffries-Matusita  (JM)  distance,  average 
transformed  divergence  or  any  other  separability  function  (3j.  What  kind 
of  average  is  used  depends  on  what  we  are  after  in  the  multiiource 
classification.  For  instance,  if  it  is  desired  to  improve  the  overall 
cla.^ificatlon  accuracy  the  overall  average  is  used.  If,  however,  we  are 
concentrating  on  specific  classes,  a  weighted  average  separability  of  those 
information  classes  is  used.  Using  separability  with  the  Gaussian 
assumption  has  the  disadvantage  that  then  it  is  usually  necessary  to 
compute  covariance  matrices  to  estimate  the  separability.  Covariance 
matrices  do  not  always  exist,  e.g.,  for  some  topographic  classes.  Also,  if 
the  Gaussian  usumption  is  not  made  it  becomes  more  difficult  to 
compute  the  separability. 

8.X.2  Claaaiflcfttlon  Accuracy  of  a  Data  Source 

Another  way  to  measure  reliability  of  a  data  source  is  to  use  the 
classification  accuracy  of  the  source.  In  this  case  a  source  is  considered 
reliable  if  the  classification  accuracy  for  the  source  is  high,  but  if  the 
accuracy  is  low  the  source  is  considered  unreliable.  This  approach  is 
related  to  the  method  of  using  separability  measures  in  that  increased 
separability  is  consistent  with  higher  accuracy.  On  the  other  hand  there 
is  no  need  estimate  covariance  matrices  to  compute  the  classification 
accuracy  so  this  approach  is  always  applicable. 

8.1.8  Equivocation 

Still  another  way  to  characterise  reliability  of  a  source  is  to  examine 
how  strongly  the  data  classes  indicate  information  classes,  i.e.,  by  looking 
at  the  conditional  probabilities  that  a  specific  information  class  is 
observed  given  a  data  class.  All  these  conditional  probabilities  can  be 
computed  by  comparing  the  reference  map  to  a  classification  map  from  a 
data  source. 

Assuming  there  are  M  information  classes  (CJj  and  m  data 

classes  (dj ,...,dQ,},  the  conditional  probabilities  can  be  written  as  the  m 
X  M  correspondence  matrix  R,  where  H  is: 

p(wi|di)  p{w2  di)  _  _  _  p(wM|di) 
p(w,|d2)  p(W2  dj)  .  .  .  p(a\(ld2) 


[p{Wl|dm)  pKldn,)  .  .  .  p(£*^^Idn,) 


Reliabilitjr  can  now  be  defined  in  the  following  way:  If  a  source  is  optimal 
in  reliability  there  would  be  a  unique  information  class  corresponding  to 
each  data  claas.  Therefore  ideally  one  conditional  probability  in  each  row 
of  R  would  be  1  and  all  the  others  would  be  lero.  If  a  source  were  very 
unreliable,  there  would  be  no  correspondence  between  the  data  classes  and 
the  information  claasea;  in  the  worst  case  all  the  numbers  in  the  matrix 
would  be  equal. 

Now  it  ia  necessary  to  associate  a  number  with  the  mati'v  R  to 
characterise  the  reliability.  Using  information  theoretic  meaeures  [4]  the 
information  classes  can  be  thought  of  as  transmitted  signals  and  the  data 
classes  as  received  signals  which  must  be  used  to  eetimate  the  transmitted 
signals.  Using  this  approach  it  can  be  stated  that  there  is  an  uncertainty 
of  log[l/p(ur,  |dj]|  about  the  information  class  w,  when  data  class  dj  is 
observed  in  a  data  source. 
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The  average  loss  of  information  can  be  calculated  when  the  data 
class  dj  is  observed,  which  is  given  by: 

HHd,)  =  p(co.|dj)log-^^  (7) 

Now  we  want  to  average  the  information  loss  over  all  observed  data 
classes  dj .  This  is  the  equivocation  of  OJ  with  respect  to  d  and  is  denoted 
by  H(t*;fd): 

H(c.^|d)  =  Sp(dj)H(c^ldj) 

=  >:^P(dj)p(-lldJ{log^^j^} 

=  v;i]p(^.,dj){iog-^-^  }  (8) 

H(vv'|d)  represents  the  average  uncertainty  about  an  information  class 
over  all  the  data  classes.  Evidently,  H(u;|d)  is  the  average  loss  of 
information  per  data  class  and  therefore  seems  to  be  a  reasonable  term  to 
associate  with  the  reliability  of  a  source.  Since  H(!A-'ld)  measures 
uncertainty,  the  lower  value  it  has  the  more  reliable  a  source  is. 
Therefore,  the  equivocation  is  called  an  uncertainty  measure  rather  than 
a  reliability  measure.  To  be  able  to  transform  this  uncertainty  measure 
into  a  reliability  factor  it  first  has  to  be  mapped  into  a  reliability 
measure  and  then  associated  with  a  reliability  factor. 

8.2  Association 

The  values  of  the  reliability  (uncertainty)  measures  must  be 
associated  with  the  reliability  factors  in  order  to  improve  the 
classification  accuracy.  It  is  worthwhile  to  note  that  we  only  want  to 
include  sources  in  the  global  membership  function  if  the  presence  of  those 
sour\.es  improves  the  classification  accuracy,  i.e.,  we  want  the 
classification  accuracy  to  be  an  increasing  function  of  the  number  of 
sources.  This  is  similar  to  feature  selection  but  the  difference  here  is  that 
the  sources  (features)  are  not  only  selected  but  also  the  contribution  of 
each  source  to  the  global  membership  function  is  quantified. 

Any  of  the  measures  discussed  in  section  3.1  gives  a  specific  value 
which  should  be  mapped  into  a  reliability  factor  on  the  basis  of  the 
strength  of  our  belief  in  the  contribution  of  the  source  to  the  classification 
accuracy.  The  reliability  (or  uncertainty)  measures  take  values  in  some 
particular  interval  and  it  is  necessary  to  know  the  (functional)  mapping 
between  the  values  of  the  measures  and  the  values  of  the  reliability 
^actors.  It  is  very  difficult  to  find  an  explicit  association  function  between 
the  values  of  the  reliability  and  uncertainty  measures  on  one  hand  and 
the  reliability  factors  on  the  other.  The  measures  can  easily  be  used  to 
rank  the  sources  from  "best"  to  "worst"  but  it  is  difficult  to  determine  the 
optimal  value  of  the  reliability  factors.  Ranking  measures  have 
previously  been  used  in  consensus  theory  [5]  but  that  has  mostly  been  for 
linear  opinion  pool  problems  whereas  in  contrast  the  global  membership 
function  (4a)  can  be  considered  an  independent  opmton  pool  problem. 

In  this  paper  the  reliability  and  uncertainty  measures  will  be  used 
to  rank  the  sources.  Several  different  reliability  factors  will  b>:  used  in  the 
experiments  and  we  will  investigate  the  relationships  between  the  values 
of  the  reliability  factors  and  the  overall  classification  accuracy  after 
combination  of  the  sources. 

4.  EXPERIMENTAL  RESULTS 

The  statistical  multisource  classification  method  was  used  to  classify 
a  data  set  consisting  of  the  following  4  data  sources: 

1)  Landsat  MSS  data  (4  data  channels) 

2)  Elevation  data  (in  10  m  contour  intervals,  1  data  channel) 

’i\  (f\.Qn  in  ^  inrr*m»nt«  1  dflta  rhftftn^n 

4)  Aspect  data  (1-180  degrees  in  1  degree  increments,  1  data  channel) 
Each  channel  is  135  rows  and  131  columns,  all  co-registered. 

The  area  used  for  classiScation  is  a  mountainous  area  in  Colorado. 
It  has  10  ground  cover  classes  wi.ich  are  listed  in  table  1.  One  class  is 
water;  the  others  are  forest  types.  It  is  very  difficult  to  distinguish 
between  the  forest  types  using  the  Landsat  MSS  data  alone  since  the 
forest  classes  show  very  similar  spectral  response.  With  the  help  of 
elevation,  slope  and  aspect  they  can  better  be  distinguished. 


Ground  reference  data  were  gathered  for  the  area  by  comparing  a 
cartographic  map  to  a  color  composite  of  the  Landsat  data  and  also 
comparing  it  to  a  line  printer  output  of  each  Landsat  channel.  By  this 
method  2019  ground  reference  points  (11.4%  of  the  area)  were  selected. 
Ground  reference  consisted  of  two  or  more  homogenous  fields  (regions)  in 
the  imagery  for  each  class.  For  each  class  the  largest  region  was  selected 
as  a  training  region  and  the  other  regions  were  used  for  testing  the 
classifiers.  Overall  1188  pixels  were  used  for  training  and  831  for  testing 
the  classifiers. 

To  satisfy  the  underlying  assumptions  of  the  statistical  multisource 
algorithm  we  need  to  show  that  the  data  sources  can  be  treated 
independently  in  the  classification.  We  do  that  by  looking  at  the 
correlations  between  all  seven  data  channels  in  table  2.  The  correlations 
between  the  sources  are  in  all  cases  low,  so  we  can  treat  the  data  sources 
as  independent  and  use  the  global  membership  function  in  (4a)  and  (4b) 
as  the  classifier. 

Each  source  was  treated  independently  in  training.  The  data  classes 
in  the  Landsat  MSS  source  were  modeled  by  the  Gaussian  distribution, 
where  the  mean  vectors  and  covariance  matrices  were  estimated  from  the 
training  fields.  The  other  data  sources  have  non-Gaussian  data  classes. 
There  the  histograms  of  the  training  fields  were  used  to  estimate  the 
density  functions  for  these  sources. 

Statistical  multisource  classification  was  performed  on  the  data  with 
varying  weights  (reliability  factors)  for  the  data  sources.  The  results  of 
classification  of  the  training  fields  are  shown  in  table  3  and  for  the  test 
fields  in  table  4.  The  reliability  and  uncertainty  measures  introduced  in 
section  3.1  were  used  to  rank  the  data  sources.  Looking  at  the 
classification  results  for  the  specific  data  sources  (in  both  tables  3  and  4), 
we  see  that  the  Landsat  data  is  the  most  reliable  source,  elevation  second, 
aspect  third  and  slope  the  least  reliable.  This  is  the  same  ranking 
indicated  by  the  equivocation  measure  in  table  5.  (We  cannot  use  the 
separability  meuures  with  the  Gaussian  assumption  here,  since  some  of 
the  data  classes  in  the  topographic  sources  have  singular  covariance 
matrices.)  In  all  the  experiments  the  Landsat  data  were  given  the  highest 
weights  while  the  weighU  of  the  other  sources  were  varied. 

If  we  look  at  the  classification  of  the  training  samples  (table  3)  we 
see  that  by  combining  all  the  sources  with  equal  weights  we  improve  the 
overall  classification  accuracy  to  74.2%,  i.e.,  by  more  than  6%  compared 
to  the  best  accuracy  in  the  single  source  classifications  (Landsat  MSS: 
67.9%).  By  lowering  the  weights  on  the  topographic  sources  to  a  certain 
point  we  get  the  overall  accuracy  up  to  78.0%.  Therefore  by  changing  the 
weights  of  the  sources  we  can  improve  the  classification  accuracy  of  the 
training  samples  by  3.8%.  This  "best"  result  is  achieved  when  the 
Landsat  source  has  full  weight  and  the  other  sources  each  have  40% 
weight.  It  is  also  nearly  achieved  when  the  Landsat  source  has  full 
weight,  the  elevation  source  has  50%  weight,  the  aspect  source  has  40% 
weight  and  the  slope  source  has  30%  weight,  which  is  a  wtigl'ting 
suggested  by  the  ranking  of  the  reliability  roensures.  Using  soini  •’ther 
weights  suggested  by  the  reliability  measurer  also  gives  a  very  goo  1  result 
(77.8%  overall  accuracy).  In  general  the  results  in  table  3  show  ii.at  we 
can  improve  the  overall  classification  accuracy  by  discountinr  the 
influence  of  some  of  the  data  sources.  In  table  3  we  also  see  that  if  we 
discount  the  data  sources  too  much,  the  overall  classification  acc  iracy 
goes  down,  as  could  be  expected. 

If  we  look  at  the  results  in  table  4  we  see  very  similar  results  to  the 
ones  in  table  3.  The  results  in  t?hle  4  shew  the  remits  of  the 
classification  of  test  fields  and  therefor?  ihe  riasiification  accuracy  is 
lower  than  in  table  3.  If  the  sources  all  ha''e  equal  weights,  then  the 
overall  accuracy  is  56.0%  which  is  up  2.9%  from  the  classification 
accuracy  of  the  best  single  source  (Landsat  MSS:  53.1%).  This  is  not  as 
much  increase  as  in  the  case  of  classification  of  training  data.  Using 
different  levels  of  reliability  we  improve  the  o.erall  classification  accuracy 
•o  60.8%  which  i«  4  R%  more  lt..-.n  with  the  •rlia!  weight  approach.  Wa 
get  this  best  result  when  the  Landsat  source  has  full  weight,  the  elevation 
source  80%  weight,  the  aspect  source  60%  weight  and  she  slope  source 
40%  weight.  This  particular  weighting  is  suggested  by  the  ranking 
measures.  60.8%  overall  accuracy  is  very  good  for  the  classification  of 
test  fields  in  this  area. 

6.  CONCLUSIONS 

The  statistical  multisource  an.Iysis  method  proposed  in  [1,2]  and 
modified  in  this  paper  worked  well  for  combining  multispectral  and 
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topographic  data  in  our  experiments.  The  combination  of  four  data 
sources  gare  significant  improrement  in  overall  clasaification  accuracy 
compared  to  single  source  classification.  Using  different  levels  of  weights 
for  different  sources  also  showed  promise  in  our  experiments  in  terms  of 
increase  in  overall  classification  accuracy.  By  assigning  specific  weights 
(reliability  factors)  to  the  data  sources,  overall  classification  accuracy  wu 
improved  about  K%  to  5%  from  the  overall  classification  accuracy  for 
which  equal  weights  were  used. 

Two  of  the  suggested  reliability  measures  were  employed  u  ranking 
criteria  for  the  data  sources.  These  worked  well  but  the  problem  remains: 
how  to  find  the  optimal  weights  for  the  data  sources.  A  goal  of  current 
research  is  to  frame  this  problem  as  an  optimisation  problem  and  solve  it 
by  linear  programming  using  the  truning  samples.  We  are  also 
investigating  different  methods  for  modeling  non-Gaussian  data  since  the 
histogram  approach  applied  in  this  paper  is  not  considered  sufficient. 
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TABLE  1 

Class  I  Infonnatlon  Class 


1  water 

2  Colorado  blue  spruce 

3  mountane/subalpliie  meadow 

4  aspen 

5  ponderosa  pine 

6  ponderosa  pine/douglas  fir 

7  engelmann  spruce 

8  douglas  fir/white  fir 

9  douglas  fir/ponderosa  pine/aspen 

10  douglas  fir/wliite  flr/aspen 


TABLE  2 


Correlations  between  the  data  channels, 
(1,2,3  and  4  are  Landsat  MSS  channels  1  to  4, 

5  is  elevation,  6  Is  slope  and  7  Is  aspect.) 


1  2  3  4  5  6  7 


1  1.00  0.68  0.53  0.15 

2  1.00  0.50  0.20 

3  1.00  -0.04 

4  1.00 


0.12  0.01  -0.08 
0.13  0.02  -0.08 
0.05  -0.05  -0.02 
0.23  0.15  -0.17 


5 

6 
7 


1.00  0.17  -0.19 
1.00  -0.00 
1.00 


TABLE  3 

Classification  results  of  training  samples  for  four 
data  sources  and  composites  with  various  values  of 
the  reliability  factor  In  statistical  multisource 
analysis.  Here  we  combine  the  Landsat  MSS, 
elevation,  slope  and  aspect  data. 


Percent  Agreement  with  Reference  for  Class 


1 

e 

8 

a 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

OA 

Landsat  MSS 

99 

48 

0 

80 

9 

69 

92 

0 

0 

0 

67.9 

elevation 

100 

0 

0 

23 

17 

13 

98 

0 

16 

20 

58.4 

slope 

100 

0 

0 

0 

5 

64 

0 

0 

0 

0 

41.5 

a.spect 

100 

0 

0 

44 

42 

15 

59 

0 

0 

0 

53.6 

1. 

1. 

1. 

1. 

100 

98 

0 

35 

35 

80 

100 

0 

0 

0 

74.2 

1. 

.5 

.5 

.5 

100 

99 

0 

65 

34 

76 

94 

0 

0 

62 

77.6 

1. 

.4 

.4 

.4 

100 

100 

11 

71 

33 

73 

95 

0 

0 

58 

78.0 

1. 

.3 

.3 

.3 

100 

100 

11 

75 

27 

71 

96 

0 

0 

42 

76.9 

1. 

.2 

.2 

.2 

100 

98 

11 

75 

23 

71 

96 

0 

0 

26 

75.5 

1. 

.1 

.1 

.1 

100 

96 

18 

75 

15 

66 

97 

38 

0 

0 

74.2 

1. 

.8 

.4 

.6 

100 

99 

0 

64 

37 

79 

93 

0 

0 

60 

77.8 

1. 

.8 

.1 

.2 

100 

100 

11 

74 

17 

76 

95 

0 

0 

35 

76.0 

1. 

.6 

.4 

.5 

100 

99 

4 

67 

34 

76 

94 

0 

0 

60 

77.8 

1. 

.5 

.3 

.4 

100 

100 

11 

73 

33 

75 

95 

0 

0 

49 

77.9 

1. 

.4 

.2 

.3 

100 

100 

11 

75 

27 

73 

96 

0 

4 

38 

77.0 

1. 

.3 

.1 

.2 

100 

99 

11 

75 

18 

74 

96 

0 

4 

22 

75.4 

1  of  pixels  408 

88 

45 

75 

105 

126 

224 

32 

25 

60 

1188 

1  e  s  a  Indicates  the  weights  assigned  to 
the  Landsat  MSS  (1),  elevation  (e),  slope  (s) 
and  aspect  (a)  sources. 


TABLE  4 

Classification  results  of  test  samples  for  four 
data  sources  and  composites  with  various  values  of 
the  reliability  factor  in  statistical  multisource 
analysis.  Here  we  combine  the  Landsat  MSS, 
elevation,  slope  and  aspect  data. 


Percent  Agreement  with  Reference  for  Class 


1 

e  8  a 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

OA 

landsat  MSS 

97 

0 

0 

0 

25 

79 

97 

0 

0 

0 

53.1 

elevation 

100 

0 

0 

20 

.  2 

21 

100 

0 

8 

21 

40.4 

slope 

86 

0 

0 

0 

0 

5 

33 

0 

0 

0 

24.3 

aspect 

95 

0 

0 

15 

1 

6 

19 

0 

0 

0 

26.7 

1. 

1.  1.  1. 

86 

0 

0 

25 

35 

92 

86 

0 

0 

0 

56.0 

1. 

.5  .5  .5 

86 

0 

0 

48 

45 

80 

97 

0 

0 

0 

57.9 

1. 

.4  .4  .4 

86 

0 

0 

52 

49 

76 

97 

0 

0 

0 

57.9 

1. 

.3  .3  .3 

86 

0 

0 

54 

51 

63 

97 

0 

0 

44 

57.4 

1. 

.2  .2  .2 

97 

0 

0 

0 

54 

80 

97 

0 

0 

31 

59.5 

1. 

.1  .1  .1 

93 

0 

0 

0 

54 

76 

97 

0 

0 

26 

57.3 

1. 

.8  .4  .6 

100 

0 

0 

51 

38 

84 

97 

0 

0 

0 

60.8 

1. 

.8  .1  .2 

91 

0 

0 

60 

48 

72 

97 

0 

0 

0 

58.6 

1. 

.6  .4  .5 

86 

0 

0 

51 

44 

81 

97 

0 

0 

0 

58.0 

1. 

.5  .3  .4 

86 

0 

0 

54 

48 

74 

97 

0 

0 

0 

57.5 

1. 

.4  .2  .3 

97 

0 

0 

57 

51 

55 

97 

0 

0 

41 

58.2 

1. 

.3  .1  .2 

95 

0 

0 

0 

55 

80 

97 

0 

0 

33 

59.3 

1 

of  pixels  195 

24 

42 

65 

139 

188 

70 

44 

25 

39 

831 

1  e  s  a  Indicates  the  weights  assigned  to 
the  Landsat  MSS  (1),  elevation  (e),  slope  (s) 
and  anperl  /a)  uonrees, 


TABLE  r 

EquivocaLlon  of  the  data  sources 


Source  Equivocation  Rank 

H.SS  0.216955  1 
Elevation  0.252676  2 
Aspect  0.277244  3 
Slope  0.289636  4 
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OBSERVATIONS  OF  CLOUDS  AND  FOG 
WITH  A  1.4  MM  WAVELENGTH  RADAR 


James  B.  Mead  and  Robert  E.  McIntosh 


University  of  Massachusetts 
Microwave  Remote  Sensing  Laboratory 
Amherst,  MA  01003 


Abstract 

A  portable  1.4  mm  wavelength  (215  GHz)  incoherent  radar 
having  60  W  output  power  has  been  developed  by  tlie  Univer¬ 
sity  of  Massachusetts  Microwave  Remote  Sensing  Lairoratory. 
The  short  wavelength  and  high  directivity  of  this  radar  indicate 
its  usefulness  for  high  spatial  resolution  atmospheric  sensing  of 
low  reflectivity  targets.  The  radar  has  suflicient  sensitivity  to 
detect  -25  dB^j  targets  at  a  range  of  1  km.  Measurements  of 
cloud  and  fog  reflectivity  were  made  for  ranges  between  36  and 
47  meters  which  Teito  our  knowledge,  the  first  such  measure¬ 
ments  made  by  a  radar  operating  at  this  wavelength.  Herein 
we  describe  the  instrument,  predict  target  detectability  and  give 
preliminary  results  of  fog  and  cloud  scattering  experiments. 

System  Description 

A  block  diagram  of  the  1.4  mi.i  radar  system  is  given  in  Fig¬ 
ure  1.  Table  1  summarizes  the  important  parameters  for  esti¬ 
mating  overall  system  performance.  The  transmitter  employs  a 
Varian  VKY2429M1  Extended  Interaction  Oscillator  (ElO)  ca¬ 


pable  of  producing  60  W  pulses  at  a  duty  cycle  up  to  0.005.  The 
modulator  consists  of  an  internal  Pulse  Repetition  Frequency 
(PRF)  generator,  a  Field  Effect  Transistor  (FET)  switch,  and 
a  high-voltage  triode  switch.  The  triode  acts  as  a  hard-tube 
modulator  that  is  capable  of  providing  the  high  peak  currents  to 
rapidly  charge  the  ElO  stray  capacitance,  while  providing  a  flat 
pulse  to  minimize  EIO  frequency  drift.  The  receiver  front  end 
employs  a  single-ended  mixer  driven  by  a  71.2  Gllz  InP  Gunn 
diode  local  oscillator  through  a  frequency  triplet.  The  double 
sideband  (DSB)  noise  figure  of  the  mixer  subsystem  is  10  dB. 
An  automatic  frequency  control  (AFC)  loop  operating  between 
1.2  and  1.6  GHz  down-converts  the  signal  *o  160  MHz,  where  a 
logarithmic  amplifier  is  used  prior  to  detection.  Separate  6-inch 
Gaussian  optics  lens  antennas  with  scalar  feed  horns  arc  used 
to  achieve  high  isolation  (>  100  dB)  between  transmitter  and 
receiver.  A  dual  antenna  scheme  was  chosen  due  to  inefficiency 
of  circulators  and  Iransmit/receive  switches  at  this  wavelength. 


ir  OUT 


V  ♦/-ISO  V  ♦107  KV  -le.S  KV 


TRIGGER  SYNC 
OUT 


Figure  1.  Radar  block  diagram. 
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Table  1.  Characteristics  of  UMass  l.-l  nim  wavelength 
radar  system. 


Transmitter 


Center  Frequency 
Peak  Output  Power 
Pulsewidth 
PRF 

Tuning  Bandwidth 
Max  Duty  Cycle 


215  CIIz  Nominal 
60  W 

100-500  nsec 
700  IIz-20  KHz 
300  MHz 
.005 


Antenna 


6"J,ens 

3  dH  beamwidth  0.64  deg 

Gain  48  dB 

Receiver 


Noise  Figure 
1st  IF 
2nd  IF 
Bandwidth 
Dynamic  Range 


10  dB  DSB 
1.4  GHz 
160  MHz 

Variable,  5-40  MHz 
70  dB 


Range  Capability 

An  approximate  model  for  equivalent  reflectivity  factor,  Z^, 
of  clouds  and  fog  has  been  computed  using  Mie  .scattering  the¬ 
ory  and  an  appropriate  particle  distribution  model.  Z^  is  used 
instead  of  Z  to  indicate  non-  Rayleigh  scattering  at  this  wave¬ 
length  for  particles  larger  than  100  micrometers.  Using  Deir- 
ninndjian’s  distributions  several  cloud  types  have  been  modeled 
at  1.4  mm  (Ulaby,  Moore  and  Fung,  Microwave  Remote  Sens¬ 
ing,  Vo!.  1,  pp.  290-309).  Values  for  dn(^e)  are  given  in  Table 
2,  along  with  extinction  coefficient,  Kj,  for  several  cloud  va¬ 
rieties  and  fog.  A-tmospheric  loss  due  to  water  vapor,  L,^,  is 
typically  2  to  6  db/km.  Total  atmospheric  attenuation,  L^,  can 
be  approximated  by  /f,  t  Lu,. 

The  radar  range  equation  may  be  solved  for  Z,  using  the 
parameters  given  and  assuming  10  dB  of  integration  gain  (100 
samples).  Solving  for  the  minimum  Z^  as  a.  function  of  range 
yields 

dB{Z,)„,„  r-.  20 log /f  +  (La)Rl!iii0  -  80.2 


where  Zc  is  the  effective  reflectivity  factor  in  tnm'’/m®  ,  H  is 
range  in  meters  and  is  atmospheric  attenuation  in  db-km. 
Figure  2  plots  minimum  (\1}{Z,)  versus  range  for  several  atmo¬ 
spheric  loss  conditions.  Also  included  is  scattering  cell  volume 
versu.”  range. 

Figure  2  highlights  the  capabiiit;  this  radar  to  detect 
very  weak  targets  in  comparatively  small  volumes.  Applica¬ 
tions  of  such  an  instrument  include  tine  scale  mapping  of  clear 
air  -  cioiid  boundaries  and  mapping  of  entire  fair  weatiier  clouds 
or  fog  layers.  Because  of  the  extremely  narrow  beam  («  1  meter 
diameter  at  100  meters  range),  this  instrument  is  particularly 
attractive  for  fog  measurements  near  ground  level  where  reflec¬ 
tions  from  terrain  make  such  'neasurements  difficult  for  cen¬ 
timeter  wavelength  radars.  Periodic  calibration  targets  along 
the  radar  path  may  also  be  used  to  estimate  propagation  losses 
in  order  to  correct  the  measured  reflectivity  values. 


Table  2.  dB(^r)  and  Kc  for  Various  Cloud  Varieties  and  Fog 


Cloud  Type 

dB(^,) 

k,  (dB/kin) 

Stratucuiniilus 

-8 

2.8 

Kog  Layer 

-14 

1.6 

bow-byitig  Stratus 

-16 

2.6 

Cumulus  Congcslus 

1  14 

22.5 

1.21  tss  121  ISSO  12100  1SS000  1210000 

RANGE  IN  KM/  CELL  VOL.  IN  CU.  M. 

Figure  2.  Minimum  detectable  reflectivity  versus  range  for  sev¬ 
eral  atmospheric  loss  conditions.  Range  cell  volume 
versus  range  is  shown  along  abscissa. 


Measurements 

Measurements  of  fog  and  clouds  have  shown  good  agree¬ 
ment  with  predicted  performance.  Near  horizontal  measure¬ 
ments  of  fog  with  visibility  varying  between  300  and  800  meters 
were  n  'i.ie  over  a  period  of  one  hour.  A  range  vs.  time  di¬ 
agram  of  fog  reflectivity  is  shown  in  figure  3.  Figure  4  is  a 
map  of  stratocumulus  reflectivity  versus  altitude  over  a  period 
of  20  minutes.  Significant  backscatler  was  measured  down  to 
ground  level,  indicating  the  presence  of  small  numbers  of  non¬ 
precipitating  hydronieteors  far  below  the  apparent  cloud  base. 


Conclusion 

Both  theory  and  preliminary  measurements  indicate  the 
ability  of  this  instrument  to  detect  very  weakly  scattering  clouds 
and  log  over  moderate  ranges. 


Figure  3.  Range  time  diagram  of  fog  reflectivity  for  near  hor¬ 
izontal  path. 


Figure  d.  Range-time  diagram  of  stratocumulus  reflectivity  for 
vertically  pointed  radar. 


95  GHZ  SHORT  PULSE  RADAR 


E.A.  ULIANA  ana  B.S.  YAPLEE 
US  Naval  Research  Laboratory 
Washington  D.C.  20375 
(202)767-3443 
N,C.  CHU  ana  M.  NEWKIRK 
Bendlx  Field  Engineering 
Oxon  Hill,  MD  20745 


ABSTRACT 

A  two  nanosecond,  95  GHz  short  pulse  radar  is  being  evaluated 
as  an  envlronental  remote  sensor  at  the  US  Naval  Research 
Laboratory.  The  initial  tests  of  the  radar  utilized  a  wavetank 
where  the  water  surface  undulations  can  be  controlled  and  monitored 
and  the  measured  radar  backscatter  can  be  directly  related  to  the 
surface  manisfestations.  Measurements  were  made  with  wind 
velocities  from  no  winds  to  12  meter/sec,  with  look  angles  ranging 
from  nadir  to  50  degrees.  Preliminary  measurements  Indicate  that 
for  this  short  wavelength,  the  o°  curve  does  not  appear  to  fall  off 
as  quickly.  This  paper  will  discuss  the  problems  associated  with 
using  millimeter  waves  as  an  enviromental  remote  sensor  and  some 
of  the  results  obtained. 
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140  GHz  SC ATTEROMETER  MEASUREMENTS 


T.  F.  Haddock,  r.  T.  Ulaby  and  J.  East 

Radiation  Laboratory 
University  of  Michigan 
Ann  Arbor,  MI 
USA 


Abstract  -  The  goal  uf  the  University  ot  Michigan  millimeter- 
wave  radar  program  is  to  characterize  terrain  scattering  at  35,  94 
and  140  GHz.  The  140  GHz  channel  ot  a  truck-mounted 
scatternmeter  has  recently  been  added  to  give  the  full  desired 
operating  capability.  Two  injection-locked  45.33-GHz  Gunn 
oscillators  use  triplers  to  supply  the  up-  and  down-converters. 
Full  polarization  capability  is  obtained  through  the  use  oF 
rotatable  quarter-wave  plates.  Real-time  signal  processing  and 
data  reduction  takes  place  in  an  HP  8S10A  automatic  network 
analyzer  on  the  truck-mounted  platrorm.  Sample  measurements 
of  the  backscatter  from  vegetation  and  snow  targets  are  given. 


I.  INTRODUCTION 

The  University  of  Michigan  140  GHz  scatterometer  system 
is  the  latest  addition  to  the  network-analyzer  based  millimeter-wave 
scatterometer  system,  a  truck-mounted  full-polarization 
scatterometer  that  has  been  developed  in  support  of  a  program  to 
characterize  radar  scattering  from  terrain  at  35,  94,  and  140  GHz. 
Operation  of  the  scatterometer  has  been  described  elsewhere  11,2]. 
Briefly,  conversion  from  a  swept  2  to  4  GHz  IF  to  the  millimeter- 
wave  RF  frequencies  is  made  in  the  front-end,  allowing  flexible 
real-time  signal  processing  by  the  remotely-located  HP  8510A 
automatic  network  analyzer.  An  outline  of  the  system  is  given  in 
Fig.  1.  The  HP  8510  computer-control  system  allows  vector  error 
correction  of  system  imperfections  through  its  calibration 
algorithms.  The  system  has  previously  operated  in  this  mode  at  35 
and  94  GHz,  and  the  140  GHz  channel  is  its  latest  extension  in 
frequency  capability. 


II.  140-GHZSCA1TEROMETER  DESIGN 

A  block  diagram  of  the  140-GHz  front-end  is  shown  in 
Fig.2.  The  transmit  portion  across  the  top  and  the  receive  portion 
across  the  bottom  are  driven  by  a  common  local  oscillator  (LO) 
chain.  The  LO  consists  of  a  45.33  GHz  free-running  Gunn 
oscillator,  two  circulator-coupled  45.33  GHz  injection-locked  Gunn 
oscillators  acting  as  amplifiers  and  two  times-3  frequency 
multipliers.  This  combination  provides  u  nominal  output  power  of 
10  dBm  from  each  multiplier.  Other  combinations  of  fundamental 
oscillators,  amplifiers  or  frequency  multipliers  are  possible.  This 
narticular  combination  provided  the  bes'  combination  of 

^ - - u.. 

dllU  VUdl.  1  V1U11Z.U11VI1  lO  JVt  VJ  a  havu  \juiu*v«  *vm*v 

'late  followed  by  a  rotatable  quarter-wave  plate.  A  90-degree 
rotation  of  the  movable  wave-plate  moves  the  electric  field  vector 
through  90  degrees  to  give  either  vertical  or  horizontal  polarization. 
The  polarized  signal  is  transmitted  though  a  conical  standard-gain 
horn  with  a  half-power  beamwidth  of  11.8  degrees.  The  received 
RF  signal  passes  though  a  3.0  inch  diameter  lens-corrected  horn 
antenna  with  a  half-power  beamwidth  of  2.2  degrees.  Receive 


polarization  is  determined  by  movable  and  fixed  quarter-wave 
plates,  in  the  same  manner  as  the  transmit  section.  The  RF  signal  is 
down-converted  using  a  tripled  45.33  GHz  LO.  Since  the 
conversion  processes  must  be  phase-coherent,  the  up-  and  down- 
converter  LOs  are  each  injection-locked  from  a  central  dual-ended 
Gunn  oscillator  running  at  45.33  GHz.  This  arrangement  gives  a 
phase-coherent  LO  of  sufficient  power  to  supply  both  up-  and 
down-converters. 


111.  CALIBRATION  AND  PERFORMANCE 

For  each  data  set,  measurement  of  a  sphere  of  known  size 
and  range  is  used  to  generate  the  401  VV  and  HH  calibration 
constants  for  each  of  the  401  frequencies  in  the  2  to  4  GHz  IF  band. 
VH  and  HV  calibration  constants  are  derived  by  measuring  the 
response  of  a  shoned  delay-line  on  a  standard-gain  horn  pointed  at 
the  radar.  Its  rectangular  aperture  when  oriented  at  45  degrees  off 
horizontal  gives  equal  V  and  H  returns  for  a  pure  V  or  H  incident 
signal.  These  measurements  are  used  to  establish  the  cross¬ 
polarization  calibration  constants.  Sphere  calibration  is  made  on  a 
daily  basis,  but  the  standard-gain  horn  cross-polarization  calibration 
is  more  cumbersome  and  is  made  less  frequently.  Cross-polarization 
isolation  of  the  system  is  typically  about  15  dB,  and  this  is  checked 
at  each  system  calibration  by  making  cross-polarization 
measurements  of  the  sphere.  For  most  natural  targets,  the  cross- 
polarized  return  at  140  GHz  is  only  3  to  6  dB  below  the  like- 
polarized  return.  Hence  the  cross-polarization  isolation  of  the  system 
is  quite  adequate  at  140  GHz.  Noise  performance  of  the  system  is 
checked  after  each  calibration  by  making  measurements  of  the  sky  at 
typical  target  ranges.  Table  I  lists  the  measured  system  performance 
parameters. 

TABLE  I 

Parameters  of  Truck-Mounted  140-GHz  Scatterometer 


RF  Frequencies: 

138  to  140  GHz 

Transmit  power: 

-4  dBm 

RF  Bandwidth: 

0  m  2.0  GHz 

<*  ...  n-t. 

IVtiit,.. 

1  e*  tnt  Ant  4At  r.** 

1  tllo/llvij.i  ^1,  1  V  1  ,  wk/ t  ,  -tui 

Polarization: 

VV,,VH,  HV,  HH 

Incidence  Angles: 

0  to  70  degrees 

Platform  Height: 

2.7  meters  minimum,  to  18  meters  maximum 

.Noise  Equivalent  a°: 

--20dB 

This  work  was  supported  by  ARO  contract  DAAG  29-85-K-0220. 
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Stability: 

-  0.2  dB/hour 

Measurement 

Repeatability. 

-IdB 

Near  Field  Disumcc: 

2.7  m 

Fooipnnf 

min.'  1  3 

max.:  13.6  m^ 

Signal  Processing; 

HP  8510A/8511A  based 

Output  Products: 

received  power  verses  range  (AR  =  c/2B) 

received  power  verses  frequency  (at  fixed  R) 

Fig.  3  illustrates  the  combined  effects  of  stability  and 
repeatability  of  calibration  of  the  140  system  over  a  diurnal  cycle. 
Repeatability  of  sphere  measurements  due  to  pointing  only  is 
typically  within  +  0.5  dB.  Variations  are  the  cumulative  result  of 
system  gain  variation>.  and  sphere  pointing  errors  Installation  ot 
controlled  heater  on  the  triple  LO  unit  was  required  to  get  acceptable 
system  stability. 


IV.  OPERATION 


autumn  senescence.  While  the  backscatter  from  thr  canopy 
decreased,  the  return  from  the  exposed  ground-cover  increased  to 
give  o°  values  for  the  combined  return  that  were  approximately 
constant  in  time,  and  at  the  level  of  the  trees  in  their  vegetative  state. 
This  effect  can  be  seen  in  Fig.  8,  which  shows  35  GHz  data  ovet 
the  period  from  September  30,  1988  to  October  14,  1988.  The 
backscatter  varies  at  most  S  dB  over  the  senescence  of  the  leaves. 

C.  Backscatter  from  snow 

In  February  and  March  of  1989  the  MMP  was  used  to  take 
data  on  snow  at  a  site  near  Ann  Arbor,  Michigan.  Figures  9  and  10 
illustrate  backscatter  returns  from  wet  and  dry  snow.  Figure  9 
shows  the  response  of  dry  ,  metamorphosed  snow  with  a  crystal  size 
of  approximately  2.2  millimeters,  and  Fig.  10  corresponds  to  fresh, 
wet,  unmetamorphosed  snow,  with  crystal  size  of  approximately 
1.0  millimeter  and  a  gravimetric  water  content  of  approximately 
1.9%. 

While  the  angular  dependence  of  the  two  plots  is  similar, 
there  is  a  4  to  S  dB  level  shift  between  the  like-polarized  responses 
of  the  dry  and  wet  snow  targets.  At  these  frequencies  snow  is 
predominantlv  a  voliime-scatiering  medium,  and  the  inrn'n'ed  lov 
of  the  wet  snow  causes  a  depression  in  the  response.  For  the  diy 
snow,  the  cross-polarized  response  is  down  from  the  like-pnlarizet' 
response  by  about  4  dB,  while  for  the  wet  snow  the  difference  in 
level  is  about  6  dB. 


For  most  terrain  measurements,  a  data  set  consists  of 
measurements  of  the  back.scatter  coefficient  o°  as  a  function  of 
incidence  angle  for  VV,  HH,  and  VH  (or  HV)  polarizations.  The 
incidence  angle  is  set  bv  an  elevation  positioner  located  at  the  top  of 
the  truck-mounted  boom.  The  target  is  .scanned  in  azimuth  to  obtain 
spatially  independent  samples.  For  each  polarization  configuration 
the  number  of  independent  samples  is  at  least  50.  Data  is  tabulated 
as  it  is  recorded  and  examined  in  real  time. 


VI.  CONCLUSIONS 

The  millimeter-wave  scatterometer  systems  are  used  to 
measure  the  backscatter  of  terrain  surfaces  and  covers  in  support  of 
the  development  of  radar  scattering  models.  The  data  shown  in  this 
paper  constitutes  a  small  sample  of  a  more  extensive  data  set  that 
was  recorded  in  1988  and  1989. 
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V.  SAMPLES  OF  BACKSCATTER  DATA 

Several  types  of  terrain  surfaces  and  covers  were  observed 
by  the  140-GHz  scatterometer  in  1988  and  1989.  Sample  results  are 
shown  in  the  next  sections. 


\.  Backscatter  from  Grasses 

The  backscatter  plots  shown  in  Figs.  4  and  5  correspond  to  a 
field  of  Amaranthus  Retroflexus,  a  spiny  weed  about  50  centimeters 
tall,  commonly  known  as  Pigweed,  over  ground  cover  of  Stellaria 
Media,  a  low  ground-hugging  weed,  commonly  known  as  Chick 
Weed.  Figure  4  shows  the  140  GHz  backscatter  response  for  VV, 
HH,  and  HV.  Throughout  this  paper  the  "receive-transmit" 
convention  is  used.  As  expected  for  such  a  medium,  volume 
scattering  effects  predominate  and  the  VV  and  HH  returns  are 
comparable  to  one  another  at  all  incidence  angles.  The  cross- 
polarized  return  is  approximately  6  dB  lower  than  the  like-polariz^ 
returns. 

Figure  5  shows  the  HH  backscatter  response  from  the  same 
target  ai  all  three  of  the  scatterometer  operating  frequencies:  35, 94, 
and  140  GHz.  The  target  shows  a  weak  sensitivity  to  frequency, 
exhibiting  a  maximum  spread  of  5  dB  between  the  three  curves. 

B.  Backscatter  from  Trees 


i  i^uiv  V/ 

Macrocarpa  deciduous  trees,  commonly  known  as  Bur  Oaks.  This 
data  was  taken  on  November  18,  after  the  leaves  had  become 
chlorotic,  but  not  fallen  off.  The  gravimetric  water  content  was 
27.0%.  Figure  7  shows  measurements  of  Thuja  Occidentalis  needle- 
leaf  evergreen  trees,  commonly  known  as  Arbor  Vitae,  with  a 
gravimetric  water  content  of  56.3%.  Even  though  there  is  a 
significant  difference  between  the  .specific  water  content  of  these 
trees,  their  140  GHz  backscatter  coefficients  are  of  similar 
magnitude.  Data  was  taken  frequently  on  the  Bur  Oaks  during  the 
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Fig.  1.  Block  diagram  of  miliimeier-wave  scatterometer  system 


Amafanthus  Retroflaxus  over  Steltana  Media 


vUviiOkAmx  (*0  *5  SJCtli 


Fig.  2.  Block  diagram  of  140-GH2  scatteromeler  front-end. 
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Fig,  5.  Measurements  of  the  same  target  as  in  Fig,  4  at  all  three 
millimeter-wave  frequencies.  Polarization  is  HH, 
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Fig,  3,  Repeated  calibrations  of  the  system  against  a  15-inch 
diameter  sphere  over  a  diurnal  cycle.  The  ordinate  is  time  in  hours, 
beginning  with  10:00  AM,  and  the  abscissa  is  the  system  calibration 
constant,  averaged  over  401  frequency  points. 


Quercus  Macrocarpa  with  Dried  Leaves 
(Bur  Oaks) 
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Fig.  6.  Measurements  of  Quercus  Macrocarpa  trees  (Bur  Oaks) 
with  dried  leaves.  Gravimetric  water  content  27.0%. 


Amaranlhos  flelroflexus  over  SteWaria  Media 
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Fig.  4.  Measurements  of  Amaranthus  Retroflexus  (Pigweed), 
about  50  centimeters  high,  over  ground  cover  of  Stellaria  Media 
(Chick  Weed).  The  gravimetric  water  content  of  the  Pigweed  was 
37.7  %. 


Fig.  7,  Measurements  of  Thuja  Occidentalis  trees  (Arbor  Vitae) 
Gravimetric  water  content  56.3%. 
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Fig.  8.  35  GHz  measurements  of  the  same  target  as  in  Fig.  6  as  a 
function  of  time  during  the  senescence  of  the  leaves.  Incidence  angle 
IS  70  degrees  for  all  measurements. 


Fig.  10.  Fresh,  wet,  unmeiamorphosed  snow,  with  crystal  size  of 
approximately  1.0  millimeter.  Or«v',netric  water  content  1.9  % 


Fig.  9.  Dry,  metamorphosed  snow  with  crystal  size  of 
approximately  2.2  millimeters. 


THE  CRL  MILLIMETER  WAVE  SCATTEROMETERS 


Kon’ichi  OKAMOTO,  Toshio  IHARA,  Jun  AWAKA,  Hiromichi  YAMASAKI,  and  Akira  TAKAHASIIl 

CommunicaLions  Research  Laboratory,  Ministry  oi  Posts  and  Telecommunications, 
2-1,  Nukui-kitamachi  4-choine,  Koganei-shi  ,  Tokyo,  184,  JAPAN 


ABSTRACT 

A  groundbased  millimeter  wave  scat- 
terometer  developed  at  CRL  is  described  with 
preliminary  experiments  to  measure  backscat- 
ter  of  a  soil  called  "Kanto"  loam.  The  system 
is  a  CO n t i nuo us  -  wave  typo  scatteromcter 
operating  at  51.35  GHz.  The  soil  sample  is 
spread  uniformly,  up  to  a  depth  of  30  cm, 
over  an  octagonal  styrofoam  box  of  about  2 
meter  diameter.  Tliis  box  rests  on  a  turntable 
and,  during  the  backsoatter  measurement,  is 
rotated  to  got  a  large  number  of  independent 
samples.  As  a  preliminary  experiment,  the 
penetration  depth  of  the  soil  was  measured. 
We  also  have  recently  developed  a  60  GHz 
polarimetric  scatterometer  which  can  measure 
not  only  the  amplitude  of  scattering  coeffi¬ 
cient  but  also  tile  phase  difference  betweeti 
polarizations  to  construct  the  complete  scat¬ 
tering  matrix.  Characteristics  of  the  60  GHz 
polarimeter  are  also  given. 

1 .  Introduction 

A  millimeter  wave,  short-distance  radar 
can  attain  high  spatial  resolution  using 
small  size  and  light-weight  instrumentation. 
Alttiough  millimeter  waves  are  attenuated  by 
rain,  they  can  sense  into  fog,  smog  or  dust 
where  light  waves  cannot  penetrate.  There¬ 
fore,  short-distance  millimeter  wave  radars 
are  expected  to  be  used  in  various  applica¬ 
tion  fields  such  as  collision  avoidance  sens¬ 
ing  for  automobiles,  intrusion  detection  sys¬ 
tems  or  level  metering  for  a  blast  furnace 
and  so  on. 

Data  on  roillimeter  wave  scattering  coef¬ 
ficients  for  various  kinds  of  natural  or  ar¬ 
tificial  objects  are,  however,  very  sparse  in 
comparison  with  those  for  microwave  scatter¬ 
ing.  As  a  first  step  to  make  a  data  base  of  a 
various  kinds  of  millimeter  wave  scattering 
coefficients,  the  Communications  Research 
J.sbor*stoTy  {CR!<)  to  cJovolop  iSil” 
limeter  wave  sea t te rome t e r s  and  perform 
preliminary  experiments  to  measure  scattering 
coefficient  of  soil  called  "Kanto”  loam,  one 
of  the  typical  soils  in  Japan.  This  paper 
briefly  describes  the  CRL  scatterometer  and 
some  results  of  preliminary  experiments. 

2.  Preliminary  Experiments  by  50  GHz  CW- 
S£a.kt?Lr_qm.<?J,.e.r 


The  conceptual  design  of  the  total  50 
GHz  CW-scattcrometer  experiment  system  is 
shown  in  Fig.  1.  It  consists  of  a  50  GHz  CW- 
scatterometer ;  a  movable  tower  to  carry  the 
transmitter,  receiver  and  antennas;  an  oc¬ 
tagonal  styrofoam  sample  box,  a  turntable  to 
turn  the  sample  box;  control  console  for  the 
movable  tower  and  the  turntable;  data  ac¬ 
quisition  personal  computer;  and  subsidiary 
instruments  to  measure  the  soil  roughness, 
soil  moisture  content  and  the  complex  refrac¬ 
tive  index  of  soil.  The  characteristics  of  50 
GHz  CW-scatteroraeter  experimental  system  are 
given  in  Table  1.  This  is  a  bistatic  radar 
system  with  pyramidal  horn  antennas.  The  dis¬ 
tance  between  antennas  and  the  targets  is 
kept  to  more  than  0.4  m  to  measure  in  the  far 
field  region  of  these  antennas.-  The  system’s 
51.35  GHz  Gunn  oscillator  signal  is  radiated 
from  the  transmitter  antenna  to  the  target 
through  the  cross-coupling  filter,  and  vari¬ 
able  attenuator.  The  cross-coupling  filter  is 
introduced  to  change  the  transmitting 
polarization  easily  between  the  H  and  V 
polarizations.  A  cross  coupling  filter 
operates  similarly  in  the  receiver.  The  scat¬ 
tered  wave  is  received  and  mixed  with  the  lo¬ 
cal  signal  produced  by  doubling  a  Gunn  oscil¬ 
lator  signal  of  about  25  GHz  to  become  IF 
signal  of  475  MHz.  Finally,  the  IF  signal  is 
then  recorded  as  the  received  power  through 
detector  and  log-amplifier  The  maximum  and 
minimum  detectable  powers  are  -25  dBm  and  -80 
dBm,  respectively  and  the  dynamic  range  is 
about  55  dB. 

Soil  surface  roughness  and  moisture  con¬ 
tent  are  two  major  parameters  which  affect 
backscatter  measurements.  We  measure  the 
backscatter  while  changing  both  soil  mois¬ 
ture  content  and  soil  roughness.  To  maintain 

Ci  C| ATi Cwtioi’ollciblf' 

scatter  measurements  are  performed  indoors. 
The  soil  sample  is  spread  uniformly,  up  to  a 
depth  of  30  cm,  over  the  octagonal  sample  box 
of  about  2  meter  diameter.  Samples  are 
averaged  to  get  scattering  coefficients  at 
fixed  incidence  angles.  It  is  theoreticaily 
known  that  the  number  of  independent  sampies 
obtained  by  one  rotation  of  the  turntable  is 
approximately  expressed  by  fl),(2] 
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N  =  4Tflsin  0/D  (1) 

Horo  R  is  t.h(!  range  bptwoen  Lho  scaLLoromeLor 
and  Ihp  target,  0  is  tlio  incidonci!  angle  and 
D  is  the  antenna  aperture  size.  The  received 
power  data  are  recorded  digitally  on  (loppy 
disk  after  12-bit  A/D  conversion  with  sub¬ 
sidiary  data  sue!)  as  incidence  angle,  table 
rotation  angle  and  so  on.  The  statistical 
processing  of  data  is  performed  off-line. 

2.2  Cal  i b ,rai_fo n 


in  soil. 

The  rei'lectivity  under  those  conditions 
as  shown  in  Fig.  3  can  be  approximat.ed  by  an 
model,  where  the  radio  wave  is  verticaily  in¬ 
cident  on  an  infinitely  large  metal  plate 
with  the  layer  of  soil  of  constant  thickness 
on  it.  The  reflection  coefficient  can  be 
approximated  as  13): 

_  r  -  exp(-j2fcon(i) 

1  —  r  ex}?{—j2k(,nd) 


To  calibrate  the  instrument,  a  metal 
sphere  of  diameter  35  mm  was  placed  in  the 
beam  at  a  distance  of  1.11  m.  Table  2  sum¬ 
marizes  "psults  from  this  experiment  which 
agree  with  theory  to  bet, ter  than  1  dU. 
During  the  experiment,  the  actual  scattering 
angle  was  not  180* (complete  back  scattering) 
but  171*.  Although  uncertainty  duo  to  this 
effect  has  not  yet  bi'en  calculated,  the  error 
will  be  expected  to  be  small. 


2.3  Penetration  depth  of  the  soil 

For  the  measurement  of  scattering  coef¬ 
ficient  of  soil,  an  estimate  of  soil  penetra¬ 
tion  depth  is  required.  Therefore,  an  experi¬ 
ment  to  measure  soil  attenuation  charac¬ 
teristics  was  performed.  Figure  2  shows  the 
arrangement  of  experiment  The  scatterometer 
was  sot.  1  m  above  l.he  1.1  m  x  1.1  m  flat 
aluminum  plate  placeu  horizontally  in  the 
samplf*  box.  The  transmitter  and  receiver  an- 
lenna  beams  were  adjusted  to  satisfy  a  mirror 
reflection  condition.  Under  this  condition, 
the  reflected  power  was  measured  and  used  as 
a  reference  for  total  reflection.  A  thin 
layer  of  "Kanto  loam"  soil  was  then  spread 
over  th<>  aluminum  plate.  The  reflected  power 
Was  remeasured  varying  the  thickness  of  the 
soil  layer  and  referenced  to  the  total 
reflection  condition.  The  moisture  content 
(weight)  of  soil  was  46. 5X  and  the  density  of 
soil  was  0.71  g/cc  in  this  experiment.  The 
roughness  of  soil  was  estimated  to  bo  loss 
than  0.5  mm,  which  is  smaller  than  1/8  of 
wave  length  of  the  50  GHz  scatterometer  (0.58 
mm),,  BO  the  surlace  of  the  soil  cun  be  con¬ 
sidered  smooth  from  the  Rayleigh  roughness 
criterion. 

In  Fig.  3,  measured  values  of  reflec¬ 
tivity  (expressed  in  dB)  are  shown  by  open 
circles,  varying  the  thickness  of  the  soil. 
The  horizontal  bars  attached  to  the  open 
circles  indicate  measurement  errors  in  soil 
thickness.  The  reflectivity  decreases  as  the 
thickness  of  soil  increy.es  when  the  layer  is 
thin.  However,  the  reflectivity  value  begins 
to  oscillate  wlien  the  thickness  of  soil  be¬ 
comes  about  1  mm.  This  oscillating  behavior 
can  be  interpreted  as  the  ret  looted  wave  from 
the  soil  surface  interfering  with  the 
reflected  wave  from  the  surface  of  aluminum 
Plato.  When  the  soil  layer  becomes  thicker 
than  about  10  mm,  the  reflectivity  value 
seems  to  converge  to  be  a  constant  value  of 
-13  dB.  This  means  the  reflection  from  the 
aluminum  plate  has  disappeared  and  reflection 
from  soil  surface  has  become  dominant  because 
of  the  large  attenuation  of  millimeter  waves 


Here,  k  wave  number  of  radio  wave  in 
®  the  air, 

n  :  complex  refractive  index  of  soil 
(n  =  ni  -  j-n2), 

f  :  reflection  coefficient  of  soil, 
d  ;  thickness  of  soil  layer. 

The  reflection  coefficient  of  soil  is  relati'd 
to  th(,  complex  refractivity  of  soil  by:- 


iHUiV 

i-irp; 


+  Ho 


4|rp 
(i-ir  p)2 


(3) 


2 

The  reflectivity  ifl  of  soil  used  in  this  ex¬ 
periment  is  about  -13  dB  ns  mentioned  above. 
If  wo  try  to  find  value  of  n  which  .satisfies 
equation  (3)  and  which  best  fits  in  the 
measured  reflectivity,  n  takes  approximately 
the  value 


n  =  1.52  -  i  X  0.22 


(4) 


Using  this  value  of  n,  we  calculate  the  at¬ 
tenuation  coefficient  A  (dB/mm)  as 


A  =  8.686  X  2;r/A  x  nj  =  2.1  dB/nm  (5) 

2 

The  calculated  reflectivity  It;  and  round 
trip  attenuation  2'd'A  are  shown  in  Fig.  3  as 
the  dotted  and  solid  line,  respectively, 
using  the  estimated  value  of  n.  Although  the 
calculated  |tl^and  the  measured  reflectivity 
do  not  coincide  in  detail,  we  can  say  that 
the  round  trip  attenuation  value  for  soil 
with  the  thickness  of  10  mm  is  approximately 
as  large  as  40  dB  for  the  soil  measured  at 
the  experiment.  Therefore,  a  soil  depth  of  10 
ram  (or  Ihe  millimeter  wave  scattering  is 
adequate  unless  the  soil  is  very  dry. 

3,; _ 60  GHz  Polarimetric  Scattoromet or  System 

A  60  GHz  polarimetric  scatterometer  has 
also  been  developed  at  CRt.  This  polarimetric 
s  c  a  1 1  e  r  o  m  e  t.  e  r  is  based  on  the  network 
analyzer  and  is  similar  to  the  millimeter 
wave  nolarimetric  scatterometer  developed  by 
the  University  of  Michigan  |4J.  The  first 
measurements  with  this  instrument  will  begin 
in  the  summer  of  1989. 

V'e  show  in  Table  3  the  characteristics 
of  the  60  GHz  polarimetric  sea',  t  e  rome  te  r  . 
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This  system  can  measure  amplitudes  and  phase 
differences  between  HH-,HV-,VV-  and  VH- 
polarized  scattering  coefficients  which  com¬ 
pose  all  elements  of  scattering  matrix.  This 
is  also  a  bi static  radar  and  can  therefore 
measure  not  only  radar  backscattcr  coeffi¬ 
cients  but  also  scattering  coefficients  for 
the  combination  of  any  incidence  and  scatter¬ 
ing  angles.  Scalar  lens  horn  antennas  with 
low  sideiobe  levels  are  used  to  reduce  un¬ 
desired  signals  from  surrounding  objects.  A 
frequency  interval  of  1  GHz  is  swept  stepwise 
between  57  GHz  and  58  GHz  and  a  range  resolu¬ 
tion  of  15  cm  can  be  attained. 


4.  Summary  and  Future  Plans 

The  CRL  millimeter  wave  50  GHz  CW  and  60 
GHz  polarimetric  scat teromoter  systems  were 
introduced.  The  result  of  an  end-to-end 
calibration  experiment  for  the  50  GHz  CW- 
scatterometer  performed  using  a  metal  sphere 
of  known  radar  cross  section  shows  that  the 
measured  cross  section  coincided  with  the 
calculated  value  of  the  '  ss  section  within 
the  error  of  IdB.  We  show  ome  results  of  a 
preliminary  experiment  ti.  'asure  the  at¬ 
tenuation  coefficient  o  soil  called 
"Kanto"  loam.  It  was  concluu^J  that  soils 
below  a  depth  of  10  mm  do  not  affect  scatter¬ 
ing  measurements  at  50  GHz  or  more  for  soils 


with  moderate  to  high  moisture  content. 

We  would  like  to  continue  in  experiments 
to  noasure  the  scattering  coefficient  of 
"Kanto"  loam  as  functions  of  incidence  angle, 
surface  roughness  and  soil  moisture  content 
using  the  CRL  millimeter  wave  scatterometers. 
We  also  would  like  to  measure  the  elements  of 
scattering  matrix  for  soil  by  the  CRL 
polarimetric  scatterometer .  Finally  we  would 
like  to  add  that  we  have  a  plan  to  develop 
millimeter  wave  polarimetric  scatterometers 
at  80  GHz  and  100  GHz. 
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Table  1  Characteristics  of  50  GHz  CW-scatterometer 


Sea tte romp tor 
Frequency 
Transmitter  power 
Antennas 
Gain 

Beamwidth  (3dB) 
Polarization 

Maximum  detectable  power 
Minimum  detectable  power 
Tower 

Incidence  angle 
Height 
Turntable 
Rotation  range 
I  Speed(variable) 
i _ 


51.35  GHz 

12.2  dBm 

pyramidal  horn  antenna 

22.3  dB 

11 .4"  (E-plane) ,  13 . 2"  (H-plane) 
HH,  VV,  HV,  VH 
-25  dBm 
-80  dBm 

0  to  90* 

0.8  to  4m 

0  to  360*  (continuous) 

3  rpmt nominal) 
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Table  t  Results  of  Cal  i brat. inn 

1  Experiment 

Frequency 

51.35  GHz 

Transmitter  power 

12.2  dBm  1 

Transmitter  antenna  gain 

22.3  dBm  j 

Receiver  antenna  gain 

22.3  dBm  1 

Metal  sphere  radar 

-30.2  dBm*  i 

cross  section 

Distance 

1.11m 

Received  power(calcuJated) 

-52.8  dBm  1 

Received  power(measured) 

-52  to  -53  dBm 

Background  powor(measui-ed) 

-75  dBm  j 

Table  3  Characteristics 

of  60  GHz  Polarimot.pr* 

jFroquency 

57-58  GHz 

'Transmitter  power 

0  dBm 

jAntenna.s 

scalar  lens 

; 

horn  antenna 

Gain 

35.5  dB 

j  Bcamwidth 

4 . 7*  ( E-plane) , 

1 

4 . 6*  (H-plane) 

iPclarizalion 

HH,VV,HV,VH 

jNotwork  analyzer 

HH8753A 

50  GHz  CW-scatterometer 


_z 


Fig. 2  Arrangement  for  Measurement  of 
Soil  Attenuation  Characteristics 


“^0  GHz  CW-scatterometer 


Fig.  1  Millimeter  Wave  Scattering  System 


Reflectivity  (measured) 

-  Reflectivity  (calculated) 

-  Round  trip  attenuation 

(calculated) 

Fig.  3  Relation  between  the  Thickness 
of  Soil  (mm)  and  the  Reflectivity  (dB) 


MILLIMETER-WAVE  PROPAGATION  MEASUREMENTS 
THROUGH  CONIFER  VEGETATION 
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Propagation  measurements  were  made  in  the 
Olympic  National  Forest  of  Washington  State  during 
October,  1987  to  examine  millimeter-wave  propagation 
through  conifer  vegetation.  Linearly  polarized  CW 
signals  at  9.6,  28.8,  57.6  and  96.1  GHz  were  used  to 
evaluate  attenuation,  cross-polarization  and  back- 
scattering  from  conifer  trees.  Elevation  and  azimuth 
scans  were  conducted  for  various  transmitter  antenna 
heights  and  path  lengths. 

Very  high  attenuation  rates  (dB  per  meter  of 
foliage)  were  measured  on  the  shorter  paths,  while 
significantly  lower  rates  were  observed  on  paths 
extending  deeper  into  the  forest.  Results  from  the 
measurements  are  presented  and  compared  with  data 
gathered  from  similar  measurements  taken  through 
deciduous  vegetation  (F.  K.  Schwering,  E.  J.  Violette 
and  R.  H.  Espeland,  "Millimeter-wave  propagation  in 
vegetation:  experiments  and  theory",  IEEE  Trans,  on 
Geoscience  and  Remote  sensing,  vol.  26,  no.  3,  pp.  355- 
367,  May  1988). 
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MILLIMETER  WAVE  SCATTERING  MODEL  FOR  A  LEAF 


K.  Sarabandi,  F.T.  Ulaby,  and  T.B.A.  Senior 

The  Radiation  Laboratory,  EECS  Department, 
University  of  Michigan,  Ann  Arbor,  MI  48109 


Abstract 

Al  millimeter  wave  frequencies  a  (ypieal  leaf  is  a  significant  fraction  of 
a  wavelength  in  thickness,  and  its  nonunifomi  dielectric  pronic  may  affect 
its  radar  scattering.  To  provide  a  simple  and  efficient  method  for  predicting 
the  scattering,  two  types  of  physical-optics  approximations  arc  examined. 
The  flirt  approximates  the  volume  polarisation  current  by  the  current  which 
would  exist  in  an  infinite  dielectric  slab  with  the  same  profile,  while  the 
second  (and  simpler)  approach  employs  the  surface  current  which,  on  the 
infinite  slab,  produces  the  known  rcflecicd  field.  It  is  shown  that  the  first 
method  is  superior  and  predicts  the  scattered  field  to  an  accuracy  which  is 
adequate  for  most  practical  puqxiscs. 

1  Introduction 

I,caves  are  a  key  feature  of  any  vegetation  canopy ,  and  in  order  to  model 
the  scattering  from  vegetation-covered  land,  it  is  necessary  to  develop  an 
effleient  and  effective  technique  for  predicting  the  scattering  from  a  single 
leaf.  At  microwave  frequencies  where  a  typical  leaf  is  electrically  thin 
with  lateral  dimensions  at  least  comparable  to  the  free  space  wavelength 
Ao,  several  methods  have  been  proposed  [c.g.  Lc  Vine,  ct  al.  1985,  Willis, 
ct  al.,  1988],  all  of  which  are  based  on  the  physical-optics  approximation 
ipplied  to  a  unifonn  dielectric  slab.  In  particular,  if  the  leaf  thickness  is 
no  more  than  about  Aa/50,  physical  optics  in  conjunction  with  a  resistive 
sheet  model  predicts  the  scattering  at  most  angles  of  incidence  [Senior,  et 
al.,  1987]  and  can  also  handle  curved  leaves  [Sarabandi,  ct  al.,  1988]. 

On  the  other  hand,  at  millimeter  wavelengths  the  thickness  can  be 
a  significant  fraction  of  a  wavelength,  and  it  is  also  necessary  to  take 
into  account  the  internal  structure  of  a  leaf.  At  least  two  different  types 
of  cell  can  be  distinguished,  and  their  differing  water  contents  affect  the 
dielectric  constant,  leading  to  a  nonunifnrm  dielectric  profile,  fb  compute 
the  scattering  at  these  higher  frequencies,  two  different  physical-optics 
approximations  arc  examined.  The  first  of  these  employs  the  polarization 
current  which  would  exist  in  an  infinite  slab  consisting  of  one,  two  or  more 
layers  simulating  the  dielectric  profile  of  the  leaf,  and  this  is  referred  to 
as  the  volume  integral  physical  optics  (VlPO)  approximation.  The  second 
(and  simpler)  approach  postulates  a  surface  current  which,  for  an  infinite 
slab,  produces  a  plane  wave  identical  to  the  reflected  field,  and  this  is  the 
surface-eurrent  physieal-optics  (SCPO)  approximation 

2  Structure  of  a  Leaf 

The  structure  of  a  typical  vegetation  leaf  is  shown  in  Fig.l.  The  type 
and  number  density  of  cells  may  vary  as  a  function  of  depth  into  the  leaf 
which,  in  turn,  rc.sults  in  a  nonunifomi  dielectric  profile.  The  effect  of 
his  nonuniformity  becomes  observable  at  higher  frequencies  where  the 


thickness  of  the  leaf  is  comparable  to  the  wavelength. 

Leaves  contain  two  types  of  photosynthetic  cells;  palisade 
parenchyma,  consisting  of  column-shaped  cells  in  which  most  photosyn¬ 
thesis  takes  place,  and  spongy  parenchyma,  which  consist  of  irrcgulariy 
shaped  cells  with  large  spaces  between  them.  Because  a  large  pan  of  the 
vegetation  material  is  water,  its  dielectric  constant  is  strongly  influenced 
by  the  dielectric  constant  of  water  and  the  water  content.  For  most  leaves, 
the  water  content  is  higher  in  its  upper  layer  (palisade  region)  than  in  the 
under  surface  (spongy  region).  The  sensitivity  of  the  dielectric  constant  of 
vegetation  material  to  water  content  is  much  greater  in  the  lower  part  of 
the  millimeter-wave  spectnim  than  in  the  upper  part  of  the  spcctnim,  but 
this  is  more  than  counteibalanced  by  the  thickness  to  wavelength  ratio. 
The  net  result  is  that  the  sensitivity  to  dielectric  variations  is  greater  at  the 
higher  frequencies. 

1b  examine  the  effect  of  the  nonuniform  dielectric  profile  on  the  scat¬ 
tering  properties  of  a  leaf  at  millimeter  wavelengths,  we  computed  the 
normal  incidence  reflection  coeffleient  Fo  of  a  two-layer  dielectric  slab 
and  compared  it  with  the  reflection  coefficient  of  a  uniform  dielectric  slab 
whose  dielectric  constant  is  the  average.  The  computation  was  performed 
for  a  leaf  thickness  of  0.5mm,  and  the  water  content  ratio  of  the  two 
layer  was  chosen  to  be  4  to  1,  representing  a  marked  variation  between 
the  upper  and  lower  surfaces  of  the  leaf.  From  the  data  in  Table  1,  it  is 
seen  that  when  the  two-layer  slab  is  approximated  by  a  uniform  slab  the 
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6+i5 
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0.48/27 
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2*i\ 

3.5-i-i2.5 

0.50/20 

0.34/26.1 

Table  I:  \bliage  reflection  coeffleient  for  a  two-layer  and  average  dieicctric 
slab 


error  in  the  reflection  coefficient  increaires  with  increasing  frcflucnvy.  and 
is  as  large  as  4  dB  at  140  GHz. 

3  Physical  Optics  Approximations 

There  arc  two  types  of  physical  oplic.x  approximation  that  can  be  em¬ 
ployed.  One  is  the  surface  cuiTcnt  (SCPO)  approach  in  which  an  infinite 
dielectric  slab  is  replaced  by  an  equivalent  sheet  current  that  produces  a 
plane  wave  identical  to  the  reflected  wave  of  the  slab.  This  current  isthen 
used  as  an  approximation  to  the  equivalent  surface  current  over  the  upper 
surface  of  a  finite  dielectric  pUie.  Alternatively,  the  induced  (volume) 
polarization  current  in  the  plate  can  be  approximated  by  the  current  in 
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the  inOnitc  dielectric  slab,  and  we  shall  refer  to  this  as  ihc  volume  inte¬ 
gral  physical  optics  (VlPO)  method.  It  is  more  accurate  than  the  SCPO 
method,  although  the  latter  is  more  convenient  to  use  for  evaluating  the 
scattered  ncld. 

To  illustrate  the  two  procedures,  consider  a  dielectric  plate  consisting 
of  a  homogeneous  dielectric  of  thickne.ss  di  and  relative  permittivity  ci 
atop  a  second  material  of  thickness  dj-dj  and  relative  permittivity  <].  The 
plate  occupies  the  region  -f  <  y  <  f ,  -|  <  y  <  |.  and  -dj  <  a  <  0  as 
shown  in  Fig.  2,  and  is  illuminated  by  an  E-polarizcd  plane  wave  whose 
electric  vector  is 

E‘  =  (t) 


where  ko  is  the  propagation  constant  in  the  free  space  medium  above  and 
below  the  plate.  When  the  plate  is  treated  as  an  infinitely  extended  slab, 
the  electric  field  can  be  written  as 

E^=  («-•«».»  4.  reiko.l)j**o«n»o*  (0<2) 

£y=  +  (-^i  <  a  <  0)  ,  . 

Ey=  (Bje-'u** +  l-di<z<-di) 

£„=  Bje-**o*'e**o«n»o*  (2  < -dj) 

where 

kc,  =  kocos0o,  kj,  =  koyjcj  -  sin’  60 


forj  =  1,2.  If  Ri  and  are  the  rcnceiion  coefficients  at  the  upper  and 
lower  surfaces  where 

_  kpt  ~  ^ti  n 


and 


=  1  ±  ^  {1  +  ^ 

application  of  the  boundary  condition  at  the  three  interfaces  gives 


a.= 

=  ^e’““''*B, 

0+ 

(3) 

T»  2  r» 

aj- 

83=  e’(*“-*"*)^>(l- E,)aj 

Ai  = 

(4) 

C+  +  C.Bi 

Given  a  volume  distribution  of  electric  current  ]  in  free  space,  the 
•orresp'  tiling  Hertz  vector  in  the  far  /one  is 


(6> 


and 

E'f)  »  -Jto’f  X  f  X  n(f).  (7) 

In  the  dielectric  slab  the  volume  current  J  is  the  polarization  current 


J  =  -ikoYo{€j  -  l)EyS.  (8) 

where  Ey  has  the  value  appropriate  to  each  layer  (j  =  1,2),  and  when 
this  is  inserted  into  (6)  and  the  integration  carried  out  over  the  volume 
occupied  by  the  plate,  we  obtain  the  VIPO  approximation.  For  scattering 
in  the  direction  0,  indicated  in  Fig.  2  the  expression  for  the  Hertz  vector 

(9) 

kqt  4‘X  X 


>■  =  (ci  -  1)|‘  . -  I 

+(‘>  -  iH* - 


and 


X  =  ^(iin8,  +  iin8o)- 


(11) 


The  far  zone  scattered  field  can  then  be  obtained  from  (7)  and  written  as 


E'  =  ^Se{0.,0o)  (12) 

where  Sb{0„0d)  is  the  far  field  amplitude,  and  for  the  VIPO  approxima¬ 
tion  the  result  is 

Sl‘’’‘>{0.,0o)  =  y!^^^F.  (13) 

In  terms  of  the  far  field  amplitude,  the  bistatic  scattering  cross  section  is 

rr(e5,8i>)  =  ^  I  S(8.,8o)  I’  ■  (14) 

I  '  e  SCPO  approximation  can  be  obtained  by  noting  that  the  ciccirii 
currcni  sheet 

J  =  -2yo  cos  ffore'*"  •‘"*»*d(2)y  (15) 

produces  a  plane  wave  identical  to  the  field  reflected  from  the  dielectric 
.1).  When  (IS)  is  inserted  into  (6)  we  find 


..  SCPO  «  .  d  cosOoPahii^,  (16 

koT  2x  A 

and  the  far  field  ainplitudc  is  then 

S|"‘’(6,.8o)  =  y=^  cos  0oVah*^.  (17) 

In  the  specular  {0,  =  -0o)  and  backscaitcring  {0,  =  0o)  directions  it  can 
be  verified  that  (13)  and  (17)  are  identical,  but  in  the  other  directions  the 
two  approximations  differ. 

In  the  ease  of  H  polariration  for  which 

H*  =  (18) 


the  anaiysis  is  similar.  With  Uy  reptcscnicd  as  shown  in  (2),  the  various 
coefficients  (now  indicated  by  primes)  differ  from  those  for  E  polarization 
in  having  ku  replaced  by  and  tj,  replaced  by  ij»/ej  everywhen; 
except  in  the  exponents.  The  induced  poiarization  current  then  has  two 
components  and  is  given  by 

J  =  -itoZo(<j  -  1)(E.*  -I-  E.i).  (19) 

where  E.  =  (ikyCjY^ZodHyldt  and  E.  =  -{ik)tj)-^ZodHyldx  have 
the  vaiucs  appropriate  to  each  layer  (j  =  1,2).  The  Hertz  vector  can  be 
computed  using  (6),  and  for  the  scattered  field  H',  the  far  field  amplitude 
is  found  to  be 

=  y^^lco,0,F{  -  sine.Fj).  (20) 


where 

f1  = 


ail 

I (I, »■».)<! 4/ 

^  koei  1  * 


{  I*  ;‘(i...-t.,„.a;y"~^t  +  .(i,. I 


(21) 


where 


and 
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f,  -  !m9o{^-7p^  ['■  .(t„-Vco.»,r  ''i  -  .(*,;+ioc<,.f'.)  '^ij 

+  V'‘l - 

-^“•C*a*+*o*****)^  T»/n 

-  ^  :(ku+k>^B^.) - ^2l>*  (22) 

The  SCPO  approximation  can  also  be  obtained  by  noting  that  a  mag¬ 
netic  current  sheet  of  the  lorm 


J‘  =  -2Zo  cos  ffor'e**”  •’"*»*«(a)y  (23) 

generates  a  plane  wave  identical  to  the  rcllcctcd  wave.  Using  this  as  the 
equivalent  surface  current  on  the  dielectric  plate,  the  magncHe  far  field 
amplitude  becomes 

s&"‘’(e.,eo)  =  coi«„r'a6~.  (24) 

As  in  the  ca.se  of  E  polarization,  the  two  approximations  ate  identical 
in  the  specular  direction,  but  (20)  and  (24)  differ  m  all  other  directions 
including  backscattcring  (B,  =  Bo)  unless  Bo  =  0. 


4  Numerical  Results 

To  illustrate  the  difTcrence  between  the  VlPO  and  SCPO  approximations 
and  to  test  their  accuracy  the  two  approximations  have  been  compared  with 
the  results  of  a  moment  method  solution  of  the  volume  integral  equation. 
For  a  2Ao  square  plate  of  thickness  di  =  Ao/4  with  <j  =  cj  =  3  -f-  iO.l 
and  illuminated  by  an  E-polarizcd  plane  wave  at  normal  incidence,  the  two 
approximations  arc  compared  with  the  moment  method  solution  in  Fig.  3, 
and  the  superiority  of  VIPO  is  clear. 

In  the  case  of  a  thin  plate  the  two  approximations  arc  indistinguishable. 
This  is  illustrated  in  Fig.  4  showing  the  VIPO  expression  (13)  and  the 
moment  method  solution  for  a  2Ao  square  plate  of  thickness  dj  =  Ao/50 
for  E  polarization.  The  plate  is  a  homogeneous  one  having  e  =  13  -h  <12 
corresponding  to  the  average  permittivity  at  35  GHz  in  Table  1.  The  SCPO 
expression  (18)  yields  the  same  results,  as  docs  a  two-layer  model  having 
the  permittivities  listed  in  Table  1.  Over  a  wide  range  of  scaitcring  angles, 
the  approximate  and  moment  method  solutions  arc  in  excellent  agreement. 

As  the  frequency  and,  hence,  the  electrical  thickness  of  the  plate  in¬ 
crease,  the  superiority  of  the  VIPO  approximation  becomes  apparent  and. 
in  addition,  it  becomes  necessary  to  take  the  layering  of  the  plate  into  ac¬ 
count.  In  Figs.  5  and  6  the  simulated  frequency  is  140  GHz,  but  to  keep 
the  moment  method  calculations  tractable,  the  plate  has  been  reduced  in 
size  to  1.4Ao  by  2Ao.  The  curves  shown  are  for  a  two-layer  plate  having 
di  =  2di  =  0.5mm  with  =  5  +  <4  and  tj  =  2  -I-  <1.  and  for  a  single 
layer  having  the  average  permittivity  (av»  =  3.5-l-<2.5  (see  Table  I).  Since 
the  accuracy  of  the  physical  optics  approximation  increases  with  the  plate 
size,  the  agreement  between  the  two-layer  VIPO  approximation  and  the 
moment  method  solution  is  remarkably  good,  and  significantly  better  than 
'f  a  single  layer  had  been  u.scd 


5  Conclusions 

A  typical  leaf  has  at  least  two  dielectric  layers  whose  cells  have  differing 
water  content,  and  this  produces  a  nonuniform  dielectric  profile  which  can 
now  affect  the  scattering.  At  microwave  frequencies  where  the  leaf  is  no 
more  than  (about)  Ao/50  in  thickness,  the  nonunifomity  is  not  important, 
and  as  shown  by  Senior,  ct  al.  (1987)  the  leaf  can  be  modeled  as  a  resistive 
sheet  using  tin  average  value  for  the  permittivity.  At  higher  frequencies, 
however,  the  thickne.ss  and  structure  of  a  leaf  arc  more  significant.  At 
100  GHz  and  above  a  leaf  is  a  considerable  fraction  of  a  wavelength  in 
thickness,  and  in  spite  of  the  reduced  sensitivity  to  water  content,  the 
nonuniformity  affects  the  .scattering. 

For  a  two-layer  model  of  a  leaf,  the  SCPO  approximation  has  been 
compared  with  the  volume  integral  (VIPO)  approximation.  When  the  leaf 
is  thin  the  two  approximations  are  identical  and  m  good  agreement  with 
d.ita  obtained  from  a  moment  method  .solution  of  the  integral  equation. 


but  as  the  cicctrieal  thickness  increases,  the  two  approximations  diverge 
in  all  directions  except  the  specular  and  (for  E  polarization)  backscattcring 
directions.  Although  the  VIPO  approximation  is  more  complicated,  its  ac¬ 
curacy  is  greater,  and  the  agreement  with  the  moment  method  data  is  better 
using  a  two-layer  model  than  when  a  single  layer  of  average  pcmiitlivity 
is  employed. 

For  most  practical  purposes  it  would  appear  that  VIPO  in  conjunction 
with  an  accurate  dielectric  profile  of  a  leaf  provides  an  adequate  approxi¬ 
mation  to  the  scattering  at  millimeter  wavelengths.  As  our  knowledge  of 
the  profile  increa.«s,  it  may  be  desirable  to  use  a  multi-layer  model  which 
could  even  simulate  a  continuous,  nonuniform  profile,  and  a  convenient 
way  of  doing  this  is  described  by  Sarabandi,  ct  al.  (1989).  We  also  note 
that  at  frequencies  for  which  tfic  leaf  thicknexss  is  comparablo  to  Am/2 
where  Am  is  the  (average)  wavelength  in  the  leaf,  the  scattering  is  greatly 
reduced  at  some  angle  of  incidence,  and  because  the  permittivity  is  com¬ 
plex,  there  is  actually  a  range  of  angles  for  which  this  is  true.  Since  the 
reduction  is  accompanied  by  an  increase  in  the  field  transmitted  through 
the  leaf,  this  could  provide  a  means  for  penetration  through  a  vegetation 
canopy. 
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Figure  I:  The  structure  of  a  typical  vegetation  leaf. 


537 


Figure  2;  The  gcomctiy  of  ihc  scultcring  of  a  plane  wave  from  a  two-layer 
dielectric  slab. 


Figure  3-  The  bistalic  cross  section  of  a  2Ao  x  2Ao  plate  for  E  polarization 
with  di  =  Ao/4  and  cj  =  =  3-FiO.l  at  normal  incidence:  ( — )  momcni 

method  solution,  (-  -  -)  VlPO,  f — )  SCPO. 


Figure  5:  The  bistatic  cross  section  of  a  1.4Ao  x  2Ao  plate  for  E  polarization 
with  dj  =  2di  =  0.5mm  and  /  =140  GHz  at  normal  incidence;  ( — ) 
moment  method  solution  with  £i  =  5  +  t4,  £j  =  2  +  il,  (-  -  -)  VlPO  with 
£i  =  5  +  i4.  £j  =  2  +  tl,  (-  -)  VlPO  with  £j  =  £i  =  3.5  +  t2.5. 


Figure  6:  The  bisiatic  crass  section  area  of  a  1.4Ao  x  2Ao  plate  for  H  po¬ 
larization  with  dj  =  2di  =  0  5mm  and  /  =140  GHz  at  normal  incidence: 
( — )  momcni  method  solution  with  ci  =  5  +  i4,  £2  =  2  -F  »1,  (-  •  ■)  VlPO 
with  £1  =  5  -F  i4  £2  =  2  +  il,  (-  -)  VlPO  with  £2  =  £1  =  3.5  -F  i2.5. 


.  ijiirc  4:  The  bisiatic  cross  section  area  of  a  2Ao  x  2Ao  plate  for  E 
polarization  with  d2  =■  Ao/50  and  favj  =  13  +  il2  at  normal  incidence: 
( — )  moment  method  .solution,  (■  -  -)  VlPO  or  .SCPO. 
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ABSTRACT 

Using  a  truck-mounted  scatterometer  system,  measurements  were  conducted  to 
study  the  backscatter  response  of  tree  canopies  at  35, 94,  and  140  GHz.  The 
measurements  were  made  as  a  function  of  incidence  angle  at  HH,  W,  and  HV 
polarizations  for  several  types  of  trees  and  tree  conditions.  A  second-order  radiative 
transfer  model  was  developed  using  an  azimuthically  symmetric  phase  function 
characterized  by  a  narrow-lobed  forward  scattering  pattern  superimposed  on  an 
isotropic  background  pattern.  This  approach  yields  a  computationally  simple  model 
that  provides  good  agreement  with  the  experimented  data  for  both  like-  and 
cross-polarization. 
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ABSTRACT 

Spacebome  observations  have  become  incieasin^y  accepted  for 
studies  of  the  hydrological  cycle  and  for  information  that  can  be 
used  in  better  management  or  assessment  of  water  resources  over 
large  areas.  As  data  records  are  extended  over  long  periods  of  time 
using  sensors  that  improve  in  their  reliability  and  quality  including 
radiometric  calibration,  the  utility  of  spacebome  observations  will 
become  increasingly  evident.  The  Earn  Observing  System  (Eos) 
concept  being  studied  by  NASA  offers  some  real  potent^  for 
providing  improved  means  and  procedures  for  hydrological  studies, 
particuiariy  on  a  global  basis,  employing  spacebome  sensors  and  a 
comprehensive  information  system.  Continuing  emphasis  needs  to 
be  placed  on  research  exploring  the  inieipretation  of  remotely  sensed 
observations  through  the  assimilation  and  use  of  these  data  in 
models  of  hydrological  processes. 

Key  Words:  hydnnogy,  sensors.  Earth  Observing  System,  water 
resources  management,  data  sets. 

1.  INTRODUCTION 

One  of  the  central  problems  in  the  earth  sciences  is  the  question  of 
climate  change.  The  question  not  only  revolves  around  the 
mechanisms  of  climate  change  and  when  and  at  what  magnitude  it  is 
occurring  or  will  occur,  but  also  the  effects  that  anthropogenic 
activities  may  have  in  cauang  climate  change.  In  the  latter  instance, 
it  is  becoming  increasingly  clear  that  man  is  cauang  large  changes  to 
occur  on  the  s'jrface  of  the  Earth  and  in  its  atmosphere.  It  remains 
to  be  seen  what  these  changes  mean  in  terms  of  providing  an 
external  forcing  that  will  change  the  climate  and  cause  a  subsequent 
redistribution  of  resources  upon  which  so  much  life  and  th; 
industrial,  agricultural,  and  recreational  activities  of  man  depend. 
The  abundance  of  water  is  an  aspect  which  distinguishes  the  Eatth 
from  other  planets.  However,  our  knowledge  of  the  spatial  and 
temporal  distribution  of  the  water  on  the  planet  and  the  mechanisms 
which  cause  the  differences  in  this  distribution  is  significantly 
lacking.  It  is  irmmtive  that  the  hydrological  cycle  and  its 
relationship  to  climate  change  be  understood  in  order  to  appreciate 
the  impact  on  the  water  resources  of  the  Eatth. 

The  use  of  remote  sensing  from  aircraft  and  spacecraft  has 
progressed  sufTiciently  so  that  it  is  generally  acknowledged  that  such 
capabilities  can  and  should  be  a  component  of  any  attempts  to  study 
global  hydrological  processes.  This  paper  wl!  focus  on  the  use  of 
spacecraft  observations  for  such  purposes  including  not  only  the 
advances  that  have  been  made  up  to  the  present,  but  what  may  be 
realistically  expected  in  the  future,  perhaps  by  the  end  of  this 
century.  In  the  latter  instance,  the  focus  will  be  on  NASA  plans  for 
satellite  remote  sensing  as  it  relates  to  the  monitoring  of  the 
parameters  comprising  the  hydrolo^cal  cycle  and  the  water 
resources  of  the  Earth. 


2.  A  BRIEF  SUMMARY  OF  KEY  ACCOMPLISHMENTS 
TO  DATE 

Spacebome  sensors  have  already  made  key  contributions  that 
establish  the  maturing  of  such  observations  fm*  hydrological  studies. 
In  the  most  elemental  case,  spacebome  observations  can  be  used  to 
observe  the  extent  of  hydrological  features  <«ch  as  snow  and  ice 
cover,  vegetation  cover,  etc.,  artd  the  change  in  the  extent  of  these 
features  over  time.  As  time  has  gone  by,  ^re  has  been  an 
increasing  capability  to  extract  estimates  of  volunte,  rate  or  condition 
of  hyrologically  related  features  from  remotely  sensed 
measurements.  Examples  of  such  measurements  include  surface 
temperature,  snow  depth,  or  monthly  rainfall  estimates. 

Observations  such  as  those  just  suggested  have  come,  most  notably, 
iiom  sensors  on  the  meteorological  satellite  series  opmted  by  the 
National  Oceanic  and  Atmosphme  Administration  (NOAA),  the 
Landsat  satellite  series  operated  by  NASA  starting  in  1972  and  later 
by  NOAA  and  the  EOSAT  Corporation,  and  the  Nimbus  satellite 
series  operated  by  NASA.  In  the  last  instance,  the  most  prominent 
exaiTiple  comes  from  the  Nimbus-7  satellite  which  has  operated  for 
approximately  one  decade  starting  in  1979.  Other  satellites  and  their 
attendant  sensors  ate  starting  to  complement  the  aforementioned 
systems.  Examples  are  the  SPOT  satellite  series  operated  by  France 
and  the  Meteosat  series  operated  by  the  European  Space  Agency 
(ESA). 

As  these  sensors  compile  consistent  data  sets  over  a  number  of 
)[ean,  the  attendant  observations  become  increasingly  valuable  with 
time.  For  example,  observations  of  snowcover  have  been  obtained 
in  neariy  continuous  fashion  by  optical  television  or  radiometric 
season  on  the  NOAA  satellites  since  1966  and,  as  limited  only  by 
the  evolving  capability  of  the  season  and  the  techniques  used  to 
analyze  and  archive  the  data,  serve  as  a  data  set  to  examine  to  see  if 
climate  change  is  reflected  [1]. 

At  present  the  key  NOAA  season  ate  the  Advanced  Very  High 
Resolution  Radiometer  (AVHRR)  and  the  Uros  Operational  Vertical 
Sounder  (TOYS)  system  consisting  of  the  High  Resolution  In&ated 
Sounder  (HIRS)  and  the  Microwave  Sounding  UnitThese  systems 
have  gathered  observations  of  useful,  radiometric  quality  since  1979 
or  approximately  one  decade.  Besides  snow  and  ice  cover,  the 
extent  of  land  cover  types  such  as  various  kinds  of  vegetation  cover 

[2]  and  cloudiness  (which  is  related  to  precipitation)  can  be  observed 
from  the  AVHRR .  The  TQVS  observations,  *g*in  extending  from 
1979,  depict  changes  in  land  surface  and  ocean  surface  tenqieratute, 
cloudiness  and  radiation  balance  components  at  the  top  of  the 
atmosphere  that  are  related  to  the  dynamics  of  the  hycMogical  cycle 

[3] .  Elected  high  spatial  resolution,  regional  observations  from  the 
Landsat  sensors  over  climate  sensitive  regions  or  features  such  as 
glaciers  extend  back  to  1972.  The  Nimbus-7  satellite  and  tiie 
observations  exte.’tding  over  neariy  a  decade  from  the  Scanning 
Multichannel  Microwave  Radiometer  (SMMR)  appear  to  be 
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providing  very  useful  observalions  of  snow  extent,  snow  depth  and 
weuiess  variability  [4]  and  land  cover  or  soil  wetness  changes  that 
complement  the  optical  sensor  observations  such  as  those  from  the 
AVHRR  [5]. 

In  essence,  it  can  be  concluded  that  observalions  from  satellites  can 
offer  assured,  dependable  observations  of  the  extent  of  land  surface 
cover  types  such  as  bare  soil,  general  vegetation  cover  types  such  as 
forest,  grassland,  and  cropped  areas  plus  the  snow  and  ice  cover 
and  regions  covered  by  water.  Satellite  sensors  have  shown 
considerable  potential  for  observing  hydrologically  related 
conditions  or  states  such  as  surface  temperature,  components  of  the 
radiation  balance  at  the  surface  or  at  the  top  of  the  atmosphere,  and 
cloudiness  as  related  to  precipitation,  but  much  remains  to  be  done 
to  show  how  these  observations  can  be  routinely  used  in  models  of 
the  general  circulation  of  the  atmosphere,  including  the  hydrolc  .  il 
cycle,  and  in  process  or  watershed  models.  Reviews  of  the 
progress  and  state  of  advancement  in  these  areas  are  available 
[6,7,8].  As  the  length  of  record  increases,  the  opportunity  to 
develop  insights  as  to  the  the  geographical  extent  and  duration  of 
climatological  conditions  related  to  hydrological  conditions 
increases.  An  example  of  such  a  situation  is  nicely  described  in 
conjunction  with  tropical  cloudiness  variations  and  subsequent 
effects  on  wet  and  dry  conditions  over  large  areas  due  to 
teleconnections  in  the  atmosphere  [9,10].  This  simply  reinforces  the 
point  that  spacebome  remote  sensing  observations  inaease  in  their 
utility  and  value  as  they  are  consistently  and  carefully  acquired  and 
archived  over  increasingly  long  periods  of  time. 

3.  THE  EARTH  OBSERVING  SYSTEM  (Eos) 

The  Eos  [  1 1  ]  is  a  system  employing  many  instruments  to  obtain 
global  observations  that  will  be  of  use  in  extending  observations 
such  as  those  noted  in  section  2.  The  Eos  systems  are  being 
designed  to  operate  for  10- 15  years  and  thus  provide  long-term  data 
sets  that  can  be  used  for  scientific  and  resource  management  studies. 
Key  among  the  sensors  being  planned  for  Eos  are  the  so-called 
facility  instruments.  The  facility  instruments  that  easily  relate  to 
hydrological  studies  are  those  listed  below: 

Moderate  Resolution  Imaging  Spectrometer  (MODIS) 
Advanced  Microwave  Scanning  Radiometer  (AMSR) 
Atmospheric  Infrared  Sounder  (AIRS) 

Advanced  Microwave  Sounding  Unit  (AMSU) 
High-Resolution  Imaging  Spectrometer  (HIRIS) 

Synthetic  Aperture  Radar  (SAR). 

The  instruments  noted  above  will  extend  data  bases  referred  to  in 
section  2  and  enhance  the  possibility  for  better  observing 
hydrologically  relevant  parameters.  The  MODIS  will  extend  the  data 
recoid  of  the  present  AVHFiR  and  be  very  useful  for  global  snow 
and  ice  mapping,  vegetation  cover  mapping,  etc.  The  AMSR  will 
extend  and  enhance  the  capabilities  presently  represented  by  the 
Nimbus  SMMR  and  the  Defense  Meteorological  Satellite  Program 
(DMSP)  Special  Sensor  Microwr.ve  Imager  (SSMI).  The  AIRS  and 
the  AMSU  represent  a  much  improved  capability  over  the  present 
TOYS  system.  Finally,  the  HIRIS  and  the  SAR,  in  essence,  extend 
greatly  the  capabilities  for  high-resolution,  regional  surveys  of 
surface  cover  conditions  as  now  provided  over  extended  periods  by 
the  Landsat  Thematic  Mapper  and  the  Muldspectral  Scanner  (MSS) 
by  providing  spectral  coverage  spanning  the  electromagnetic 
spectrum  from  the  visible  to  the  microwave  region,  ofier  facility 
insuuments  such  as  the  Geoscience  Laser  Ranging  System  (GLRS) 
and  the  radar  altimeter  (ALT)  may  also  serve  hydrological  studies 
through  providing  more  accurate  and  widely  available  topographic 
information  for  hillslope  hydrology  studies,  as  an  example  112]. 
Some  other  pnncipal  investigator  instruments  under  consideration 
for  flight  and  operation  on  the  Eos  may  also  provide  improved, 
important  information  about  components  of  the  radiation  balance  that 
drive  hydrometeorological  processes  sucii  as  evapotranspiration. 


4.  BEYOND  AND  IN  ADDITION  TO  Eos 

There  is  much  that  needs  to  be  accomplished  in  addition  to  Eos  in 
order  to  fully  understand  the  hydrological  cycle  of  the  Earth  and  to 
make  greater  use  of  the  advantages  of  remotely  sensed  observations 
from  spacebome  platforms.  An  example  of  a  space  mission  that  is 
needed  to  complement  the  Eos  is  the  proposed  Tropical  Rainfall 
Measuring  Mission  (TRMM)  [13].  This  mission  would  use  a  non¬ 
sun  synchronous  orbit  and  radar  and  passive  microwave  sensors  to 
make  a  better  sampling  of  the  diurnal  variability  of  rainfall  and 
subsequently  provide  a  better  understanding  of  the  role  of  latent  heat 
release  in  the  tropical  regions.  Focusing  on  this  subject  in  the 
tropical  latitudes  will  address  some  of  the  primary  processes  and 
dynamics  that  drive  the  dynamics  of  the  hydrolo^cal  cycle. 

In  a  similar  vein,  in  studies  being  led  and  managed  at  the  Marshall 
Space  Flight  Center  of  NASA,  advancements  in  geosynchronous 
satellite  systems  are  being  considered.  These  advancements  would 
be  put  into  place  on  geosynchronous  platforms  presently  being 
scheduled  to  operate  at  the  very  end  of  this  century  or  very  soon 
rfter  the  year  2(XX).  Key  among  the  advancements  being  considered 
is  the  inclusion  of  passive  microwave  observations.  This  would 
undoubtedly  provide  some  new  observations  that  would  offer  new 
insight  using  the  high  temporal  sampling  capability  offered  by  a 
geosynchronous  orbit.  Key  among  the  hydrological  parameters  that 
would  be  observed  is  rainfall. 

It  is  imperative  that  well-planned  and  focused  programs  be 
organized  to  study  hydrological  processes  and  belter  understand  and 
utilize  spacebome  remotely  sensed  observations.  An  exempl^ 
program  being  planned  is  the  Global  Energy  and  Water  Ex^riment 
(GEV-'EX)  [14]  presently  scheduled  for  the  late  1990's, 
approximately  concurrent  with  the  TRMM  and  Eos  missions.  This 
experiment  focuses,  as  can  be  overtly  deduced  from  the  title  of  the 
experiment,  on  hydrological  processes  and  strongly  coupled  energy 
balance  parameters.  This,  additionally,  is  quite  an  appropriate 
subject  to  address  in  conjunction  with  satellite  observations  in  that  it 
focuses  on  the  strength  of  remotely  sensed  observations  in  terms  of 
their  fundamentally  measuring  raiance  and  fluxes  emerging  from 
the  top  of  the  earth-atmosphere  system.  Another  focus  and 
noteworthy  aspect  of  this  effort  is  the  focus  on  models  of 
hydrological  processes  and  the  importance  of  studying  how 
remotely  sensed  observations  can  be  best  assimilated,  tested  and 
studied,  and,  subsequently,  better  utilized  or  exploited  for  global 
meteorological  and  hydrological  studies. 

5.  SUMMARY  AND  CONCLUSIONS 

Many  advances  have  been  made  in  the  use  of  satellite  observations 
for  the  study  of  the  hydrological  cycle.  The  major  point  made  in  this 
paper  is  that  a  key  advancement  is  the  accumulation  of  global 
satellite  obsemtions  over  several  years.  These  observations  offer 
improy^  insight  as  to  the  monthly,  seasonal  and  interannual 
variability  of  hydrological  phenomena  along  with  the  nearly 
synoptic,  large  area  to  global  coverage  that  is  advantageously 
offered  by  spacebome  sensors.  Examples  are  the  global  extent  of 
snow  and  ice,  cloudiness  as  it  relates  to  precipitation,  and  vegetation 
dynamics  that  relate  to  the  presence  of  surface  moisture  and 
evapotranspiration. 

The  Eos  being  planned  for  the  late  1990‘s  should  very  appropriately 
extend  and  improve  the  data  bases  being  accumulated  by  existing 
satellite  systems.  The  Eos  Data  and  Information  System  (EosDIS) 
will  be  given  the  appropriate  attention  so  that  the  ^s  sensor  data  can 
be  effectively  utiliz^.  Furthermore,  complementary  technology 
efforts  such  as  the  TRMM  mission  concept  and  modeling  sutdics 
having  the  objective  of  improving  models  so  as  to  take  advantage  of 
remotely  sensed  observations  need  to  be  pursued  and  encouraged. 

In  the  latter  instance,  focused  study  efforts  like  the  GEWEX  are 
important  in  order  to  more  completely  understand  the  global 
hydrological  cycle  and  gain  insights  about  the  availability  and 
distribution  of  the  water  resources  of  the  world. 
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IQARSSfid  Abttruet 

RtmoU  StnilM  tnd  HvdfolQOV  ■  Tht  Commtfclal  Pfoioects 


Much  It  m«dt  o(  th«  valut  of  ramote  tenting  ttchniqutt  to  geological  exploration  and  a  great  deal 
of  the  remote  tenting  retearch  effort  It  centred  upon  agricultural  crop  Identification  and  crop-yield 
prediction.  Hydrology  hat  a  reletlonihlp  to  both  elememt.  It  there,  therefore,  a  recognition  of  the 
value  of  remote  tenting  to  hydrology  and  It  there  a  commercial  potential? 

Firet,  It  It  necettaiy  to  look  at  the  current  lateiilte  programme  In  order  to  Identity  what  data  are 
available,  what  forma  they  take  and  what  are  the  future  trendt  In  Inttrumentatlon,  These  are  the 
Toola'  available  to  the  hydrologlit. 

Whet  are  the  problems  that  the  hydrologitts  want  to  eoive;  where  can  remote  tensing  provide  a 


Qh/en  the  tools  and  the  requirements,  Is  there  a  genuine  commercial  potential?  indeed,  how  do 
you  measure  commercial  potential:  In  terms  of  reveitut  to  a  specialist  service  or  value  added  in¬ 
dustry,  or  In  terms  of  savings  and  benefitt  to  the  user,  or  both?  It  It  possible  to  estimate  the  mar¬ 
ket  p^entlal? 

It  It  believed  that  a  commercial  potential  does  Indeed  exist  and  that  remote  tenting  offers  the  hy¬ 
drologist  an  Invaluable  tool  now  for  much  of  their  work  and  could  be  ettentlal  In  tht  future.  If  this 
It  true,  It  the  hydrological  community  doing  enough  to  make  sure  Its  voice  It  heard  and  Its  require¬ 
ments  met  In  future  satellite  development? 

In  order  to  assets  this  situation,  K  It  necettary  to  look  at  some  knowit  projects  which  have  pro¬ 
vided  a  commercial  benefit  to  hydrology.  This  paper  will  provide  telscttd  case  studies  to  demon¬ 
strate  such  projects 
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ABSTRACT 


In  1985  NASA  coaplated  Ita  feasibility  study  for  Ducks  UiillBlted  (DU)  on 
tha  usa  of  Landsat  thaoatlc  aappar  (TM)  data  for  sapping  wetlands.  With 
the  launch  of  Landsat  5  ensuring  a  source  of  TH  data  for  several  years,  DU 
began  utilizing  TN  data  to  Inventory  wetlands  In  the  Canadian  prairie 
pothole  study  region  (650,000  kn^  or  250,000  sl^).  In  oonpietlng  this 
Inventory  and  signing  the  North  Aoerlcan  Hatorfowl  Hanagaaent  Plan  (NAUMP) 
In  1988,  focus  Is  now  toward  seating  upland  habitat  objectives.  The 
epproalnately  250  spectral  classes  generated  by  the  unsupervlsed 
er.xiaua-llkellhood  classifier  for  each  scene  are  already  In  place  for 
croution  of  an  upland  inventory. 

To  provide  data  In  the  tine  frace  required  by  the  NAWMP  planners.  Ducks 
Unlislbad  Is  decentralizing  Its  loage  processing  capabilities. 
KicrO'Ocaputer  work  stations  will  be  established  In  priority  areas,  where 
operations  biological  ataff  can  apply  their  eapertlse  and  knowledge  of  the 
habitat  when  classifying  soensa.  The  purchass  and  ioplensntatton  of  thsse 
.stations  is  cost-sffective  whsn  eoapared  to  broad  scale  acquisition  of 
colour  infrared  photography  at  1:10,0C0,  1:20, COO  or  1:50,000  scales. 

The  econoDic  values  of  decentralizing  DU's  inaga  processing  operation  are 
flvS'fold;  1)  ground-truth  knowledge  and  materials  are  acre  readily 
available;  hence  loage  claaeincation  Is  very  reliable,  2)  data  prooesalng 
is  acre  effloient,  3)  user  needs  oan  be  identified  oore  readily, 

4)  graphics  display  is  available  to  users  during  habitat  evaluation  and 
planning,  and  5)  greater  flexibility  exists  for  cost-sharing  cooperative 
agreeaents  with  other  resource  agencies,  thereby  naxlnlzlng  resource 
dollars. 
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ABSTRACT 

This  research  Is  concerned  with  developing  a  pro¬ 
cedure  for  ground  water  exploration  based  on  digital 
Image  processing  of  multitemporal  Landsat  data. 

A  test  site  located  south  of  Tucson,  Arizona,  was 
selected  tr  develop  the  methodology.  Three  MSS 
(LANDSAT  1)  and  a  TM  (LANDSAT  5)  subscenes  repre¬ 
senting  different  seasons  were  geometrically  recti¬ 
fied,  coregistered  and  corrected  for  sun  ze.ilth 
pngle  and  changing  illumination  effects  between 
dates.  The  major  thrust  of  the  research  was  directed 
towards  vegetation  and  drainage  texture  analysts. 
Vegetation  mapping  was  based  on  multitemporal  analysis 
using  orthogonal  Image  transformation  techniques. 
Greenness  indices  of  three  seasonal  data  sets  were 
calculated  using  the  Gram-Schmldt 
orthogonal  process  and  combined  to  form  a  three 
band  multlcemporal  vegetation  Image.  Principal 
component  analysis  of  this  image  led  to  isolation 
of  "dynamic"  (crops,  etc.)  versus  static 
(phreatophytes)  vegetation  types.  A  vegetation 
anomaly  map  was  obtained  by  classifying  these  data 
types.  Landsat  data  (TM  bands  4,  5,  and  7)  were 
transformed  to  produce  a  texture  image  which  is 
useful  in  detecting  and  enhancing  drainage  texture 
patterns.  The  texture  image  was  classified  Into 
five  distinct  hydrologic  units,  based  on  their  rela¬ 
tive  permeability  values. 

These  results,  supplemented  with  other  study 
elements,  such  as  lineaments  and  geumorphologlcal 
maps,  obtained  from  digitally  enhanced  Landsat  data 
were  integrated  in  a  GIS  based  analysis.  A  final 
ground  wafer  potential  map  was  obtained  by  com- 
binl  ig  "weighted"  input  GIS  files. 

Veywords:  Ground  water,  LA.IDSAT,  Digital  processing, 
lultltemporal.. 


INTRODUCTION 

In  recent  years,  there  has  been  an  increasing  demand 
Cwi  giuuiiu  wuLcr  supplies  because  of  socio-economic 
and  industrial  developments  in  most  of  the  Third 
World  countries.  In  this  decade,  many  parts  of 
the  world  have  experienced  severe  droughts  which 
have  resulted  in  the  further  depletion  of  existing 
ground  water  sources.  This  has  given  rise  to  a 
need  for  development  of  time  and  cost  effective 
techniques  for  the  exploration,  judicious  exploita¬ 


tion,  and  proper  management  of  ground  water. 

In  the  last  two  decades,  there  have  been  several 
investigations  into  the  application  of  remotely  sensed 
data  for  ground  water  exploration.  However,  much 
of  the  previous  work  has  been  typically  concerned 
with  the  visual  interpretation  of  various  types  of 
remote  sensor  data.  For  example,  aerial  photographs 
are  routinely  used  in  preliminsry  ground 
water  inventories.. 

Recently  several  studies  have  concluded  that  satel¬ 
lite  imagery  also  can  provide  valuable  information 
which  can  be  used  as  a  "regional  guide"  for  ground 
water  prospecting,  based  on  visual  analysis  of  land- 
forms,  geology,  structure,  vegetation,  drainage  den¬ 
sity,  etc.  However,  visual  interpretation  procedures 
are  often  subjective,  time  consuming  and  cumbersome. 

The  objective  of  this  research  was  to  develop  a  pro¬ 
cedure  for  ground  water  exploration  based  on  digital 
image  processing  of  multispectral  Landsat  data  which 
paralleled  the  techniques  developed  for  visual 
analysis.  A  test  site  located  south  of  Tucson, 
Arizona  (Figure  1)  was  selected  to  develop  the 
methodology.  It  is  planned  to  apply  the  technique 
to  a  study  of  an  area  in  the  Mandsaur  district  of 
Madhya  Pradesh,  India.  Only  the  results  obtained 
for  the  Tucson  test  site  are  reported  at  this  time. 

Three  MSS  (Landsat  1)  and  a  TH  (Landsat  5)  subscenes 
of  Che  Tucson  area,  Arizona,  representing  different 
seasons  were  used: 


mm 

Date 

Scene  ID 

2W75 

819301 7120SG0 

wEm 

WEm 

4/13773 

8126417283SG0 

mm 

wem 

liirjMl 

8103017271SG0 

WEm 

WEM 

12/7/85 

Y5064817261X0 

■■■■ 

PREVIOUS  lECliNlWUfcb 

Previous  investigations  using  visual  analyses  tech¬ 
niques  on  aerial  photographs  and  Landsat  images  have 
noted  the  surface  features  of  particular  importance 
in  ground  water  exploration  are  vegetation,  drainage 
density,  and  lineaments  (fracture  patterns). 
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Vegetation  IMAGE  ANALYSIS 


In  a  conprehensive  Investigation  on  plants  as  Indi¬ 
cators  of  ground  water.  Melnzer  (1927)  cited  numerous 
observations  on  the  relation  between  the  depth  to 
the  water  table  and  the  occurrence  of  certain  plant 
species  In  arid  regions.  He  concluded  that  this 
relationship  can  be  a  useful  key  for  ground  water 
prospecting. 

Taranik  et  al.  (1976)  outlined  a  visual  interpreta¬ 
tion  procedure  for  delineating  anomalous  vegetation 
patterns  related  to  ground  water  occurrence.  They 
described  three  types  of  vegetation  of  particular 
significance  to  ground  water  studies,  viz.,  1)  ripar¬ 
ian  plants  which  grow  along  or  in  close  proximity 
to  river  banks,  2)  phreatophytes  -  vegetation  which 
Is  dependent  on  ground  water  supply  by  tapping  the 
water  table  through  Its  root  system  (Melnzer,  1927), 
and  3)  xerophytes  -  plant  species  which  are  able 
to  survive  on  very  small  and  ephemerax  supply  of 
water. 

Drainage  Density 

Drainage  texture  (In  arid  regions)  is  considered 
to  be  a  good  Indicator  of  relative  permeability 
of  near  surface  rocks.  Previous  studies  have 
demonstrated  the  applicability  of  drainage  density 
analysis  in  inferring  lithology,  degree  of  struc¬ 
tural  control,  grain  size,  relative  permeability, 
compaction,  etc.  (Salomonson  et  al.,  1983). 

Carlston  (1963),  based  on  a  study  of  15  stream 
basins  In  Che  eastern  United  States,  showed  that 
base  flow  (ground  water  discharge)  is  inversely 
proportional  to  drainage  density.  F  n  a 
mathematical  model  developed  earlle.  b.  G.E. 

Jacob,  he  derived  an  equation  to  show  that  trans- 
mlssiblllty  Is  related  to  drainage  density,  to 
ground  water  recharge,  and  to  the  water  table  at 
the  water  divide. 

Lineaments 

Lineament  analysis  Is  probably  Che  most  widely 
studied  and  commonly  applied  remote  sensing  tech¬ 
nique  for  ground  water  exploration.  Lattman  and 
Parlzek  (1964)  have  estabxished  the  relationship 
between  fracture  traces  and  ground  water  occurrence 
based  on  air  photo  studies.  They  have  reported 
high  yields  for  wells  drilled  on  lineaments  than 
for  wells  located  away  from  lineaments.  This  work 
was  later  followed  by  many  other  researchers  who 
concluded  that  lineament  analysis  can  be  a  good 
exploration  technique  for  ground  water  prospecting. 

The  determination  of  these  landscape  features  may 
be  achieved  by  a  variety  of  procedures.  In  order 
to  subject  as  much  image  data  as  possible  to  the 
scrutiny  of  the  Interpreter,  separate  overlays  are 
prepared  for  drainage,  landforms  and  lineaments, 
and  vegetation.  This  approach  (Taranik  et  al., 

1976)  ensures  Chat  most  image  features  are  examined 
and  classified  to  relatively  high  level  of  confidence. 
Eventually  the  overlays  ace  combined  or  integrated 
with  ancillary  information  (geologic  and/or  soil 
maps) .  This  analysis  procedure  results  In  defining 
regional  trends  and  relationships  and  thus 
establishes  a  model  for  exploration  or  determining 
drilling  sites. 


Preprocessing  and  Image  Registration 

The  data  for  the  three  MSS  and  TM  subscenes  repre¬ 
senting  different  seasons  were  geometrically  recti¬ 
fied  and  co-reglstered  to  facilitate  temporal 
analysis . 

In  addition  to  normal  bad  line  corrections  and 
rescaling,  a  correction  for  sun  zenith  angle  effects 
and  associated  effects  of  changing  Illumination 
between  dates  was  applied  using  a  simple  cosine 
ratio  function,  as  suggested  by  Carr  and  Schowengerdt 
(1983),  and  Ezra  et  al.,  (1984).  Each  data  set 
was  separately  multlpled  by  the  cosine  ratio  func¬ 
tions  on  a  pixel  by  pixel  basis.  All  of  the  scenes 
were  normalized  to  a  reference  zenith  angle  (cos 
y)  of  39Z. 

The  four  Landsat  Images  were  geometrically  recti¬ 
fied  and  geo-referenced  according  to  the  UTM 
coordinates.  Approximately  20  ground  control  points 
(GCP)  were  obtained  from  USGS  15'  maps.  The 
nearest  neighbor  algorithm  was  used  to  resample 
the  data  Into  80  x  80  m  pixels  for  the  MSS  data, 
and  60  X  60  m  pixels  for  the  TM  data  set.  An 
Image-to-image  registration  was  employed  using 
the  control  points  selected  from  each  scene.  The 
April  Image  was  chosen  as  a  reference  Image,  to 
which  other  data  sets  were  co-reglstered.  Error 
analysis  of  the  GCP's  Indicated  the  accuracy  to 
be  within  1/2  pixel  space. 

Vegetation  Analysis 

Based  on  the  concept  Chat  "static"  vegetation  (l.e. 
remains  constant  through  all  seasons)  such  as  phre- 
atophytlc  and/or  riparian  Indicates  an  availability 
of  ground  water  whereas  "dynamic"  vegetation  (In¬ 
creases  during  certain  seasons)  such  as  crops, 
orchards,  etc.  Indicates  a  dependence  on  rainfall 
or  seasonal  runoff,  a  procedure  was  developed  to 
separate  and  map  these  types  of  vegetation.  An 
empirically  based  Image  transform,  similar  Co  the 
"Tasselled  cap"  of  Kauth  and  Thomas  (1976)  was 
used  to  perform  the  multitemporal  vegetation  analysis. 
This  transformation  rotates  and  scales  the  axes 
of  the  four  dimensional  space.  The  rotated  axes 
of  the  new  coordinate  system  are  termed  as  brightness 
(accounts  for  98Z  of  soil  spectra) ,  greenness  (green 
vegetation) ,  yellowness  (yellowing  of  senescent 
vegetation) ,  and  nonesuch  (related  Co  atmospheric 
conditions) . 

Site  specific  coefficients  for  brightness  and  green¬ 
ness  were  calculated  using  the  Gram-Schmldt 
orthogonal  process  (Jackson,  1983) .  Each  set  of 
data  was  transformed  using  these  coefficients  to 
obtain  a  brightness  and  a  greenness  band.  Greenness 
Indices  from  each  of  the  three  data  sets  were  then 
combined  to  form  a  three  band  multitemporal  vegeta¬ 
tion  image  of  the  study  area. 

Visual  Interpretation  of  this  image  showed  that 
bume  aieab,  ebpeclally  la  Lae  cealial  aau  auiLaeia 
part  of  the  test  site,  have  nearly  the  same  amount 
of  greenness  in  all  seasons  and  could  represent 
a  possible  location  of  a  spring  or  natural  seepage. 
Intermediate  hue  values  represented  phreatophytes 
or  other  natural  woods.  Riparian  vegetation  was 
delineated  by  virtue  of  Its  close  association  with 
river  banks  and  flood  plains.  However,  crops, 
orchards,  etc.,  displayed  one  dominant  color 
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depending  on  the  season  and  the  type  of  crop  present 
at  that  time  of  the  year. 

Principal  component  analysis  of  the  multitemporal 
image  was  used  to  decorrelate  and  Isolate  these 
vegetation  features  into  new  axes  based  on  their 
variance  values.  The  "dynamic"  vegetation  types > 
such  as  crops,  orchards,  etc.,  define  high  variance 
within  multitemporal  space,  whereas  phreatophytes/ 
riparian  vegetation,  "static"  vegetation  types, 
are  associated  with  low  variance. 

Principal  component  images  of  the  area  showed  that 
although  PCI  highlighted  the  overall  vegetation 
patterns  of  the  area,  confusion  between  dynamic 
versus  static  vegetation  types  still  existed.  PC2 
and  PC3  isolated  most  of  the  riparian  and 
phreatophytes  vegetation  which  are  considered  to 
be  ground  water  dependent.  This  image  was  then 
classified  into  four  vegetation  classes,  using  a 
moving  means  clustering  algorithm.  Figure  2  shows 
the  final  vegetation  anomaly  map  of  the  study  area. 

Drainage  Texture 

Drainage  texture  is  used  to  indicate  potential  areas 
of  ground  water  permeability  and  storage.  Maximum 
filtration  occurs  on  coarse-textured  drainage  areas 
whereas  fine  textures  are  usually  considered  to 
Indicate  areas  of  poorer  infiltration.  Areas  having 
medium-  and  ouarse-textured  drainage  have  streams 
which  are  more  deeply  incised  Chan  areas  with  flne- 
eextured  drainage  and  are  more  enhanced  by  low  sun 
angle  shadowing  on  Landsat  images.  The  drainage 
patterns  are  distinguishable  by  different  illumina¬ 
tion  effects  (sun-slope  geometries).  Coarse-textured 
drainage  channels  are  widely  spaced,  have  steep 
sided  slopes  and  gradients.  On  Landsat  images  the 
channels  appear  dark  because  of  shadows  from  the 
side  slopes.  Medium-textured  drainages  are  less 
widely  spaced,  shadows  are  narrow  and  light  toned 
in  the  image.  Thus  drainage  density  is  proportional 
CO  Che  variance  of  illumination  within  a  defined 
cell.  A  variance  analysis  of  an  image  of  TM  A, 

5,  and  7  was  performed  using  a  3  x  T  pixel  window 
and  normalizing  Che  output  file.  The  data  was  then 
classified  into  five  distinct  hydrologic  units  based 
on  their  relative  permeability  values  (Figure  3). 

Lineament  Anal>sls 

Digitally  enhanced  Landsat  TM  and  MSS  data  were 
used  to  map  lineaments.  A  high  pass  filter  with 
a  3  X  5  kernel  size  was  used  to  enhance  linear 
features  in  the  TM  data.  This  image  was  displayed 
on  Che  high  resolution  color  monitor  screen,  and 
interpreted  lineaments  were  then  digitized  directly 
from  Che  screen.  The  analysis  was  also  supplemented 
by  a  regional  scale  geological  map,  color,  and  B&W 
hard  copy  prints  of  TM  and  MSS  data  at  1:1,000,000 
scale. 


ANCILLARY  DATA 

Geomophologlcal  Map 

A  geomorphlc  map  of  the  area  was  prepared  by  visually 
interpreting  hard-copy  prints  of  digitally  enhanced 
TM  images  and  using  results  from  the  drainage  texture 
analysis.  A  map  displaying  nine  geomorphlc  units 
was  prepared  and  digitized  into  Che  CIS  file. 


Bedrock  Outcrop  and  Basin  Fill  Thickness  Maps 

Published  maps  of  the  geology  (Wilson  et  al.,  1960) 
and  alluvium  thickness  (Cooley,  1973)  was  digitized 
and  entered  into  Che  database  of  the  CIS  File. 

Both  maps  were  geo-referenced  to  UTM  coordinates 
and  a  pixel  size  of  80m  x  80m  was  used  to  facilitate 
a  "map  overlay"  based  analysis. 


INTEGRATED  ANALYSIS 

The  GIS  files  compiled  from  previous  studies  along 
with  Landsat  derived  files  were  analyzed  in  an 
integrated  model  based  approach.  In  order  to  isolate 
and  target  areas  of  interest  based  on  the  concept 
of  "convergence  of  evidences".  The  model  functions 
as  a  simple  additive  scheme  where  areas  of  interest 
are  highlighted  and  those  areas  Chat  are  not  signifi¬ 
cant  to  this  work  are  masked.  The  analyses  reported 
herein,  were  performed  using  a  raster  based  GIS 
software  provided  with  Che  ERDAS  image  processing 
system.  A  brief  description  of  the  procedure  is 
outlined  below: 

1 /selection  of  the  criteria  for  data  analyses. 

The  study  elements  were  Integrated  by  combining 
two  GIS  files  at  a  time. 

2/recodlng  of  the  class  values  of  an  input 
GIS  file  to  mask  out  certain  data  values  which 
have  lesser  significance. 

3/proxlmity  analysis  of  lineaments  to  assign 
an  area  of  Influence.  The  lineaments  occurring 
in  basin  areas  were  assigned  a  field  of  Influence 
of  2A0m  (3  pixels)  in  length. 

A/each  class  in  the  input  file  was  multiplied 
by  weighting  factors.  The  actual  value  of  the 
weighting  factor  depends  on  the  relative  importance 
of  the  data  being  analyzed.  The  more  important 
the  criteria,  the  higher  the  weighting  factor. 

Weighting  factors  of  3,  2,  2,  and  1  was  assigned 
to  vegetation,  geomorphology,  lineaments,  and  drainage 
texture  respectively. 

5/normallzatlon  of  output  files  was  performed 
by  dividing  by  the  sum  of  weight  factors,  thereby 
reducing  the  number  of  classes  in  the  output  file. 

6/cverlaylng  bedrock  mask  obtained  from  alluvial 
thickness  and  geology  maps,  onto  the  final  water 
potential  map. 

The  final  giound  water  target  map  obtained  by  applying 
the  procedure  described  above  is  shown  in  Figure 
A.  The  results  correspond  closely  to  the  results 
presented  by  Taranlk  et  al.  (1976)  for  a  visual 
analysis  of  the  same  area. 


CONCLUSIONS 

Some  of  the  advantages  offered  by  the  methods  reported 
in  this  work  are:  1)  they  are  based  on  a  model 
approach  which  Incorporates  temporal  and  a  variety  of 
ocher  data  types,  2)  the  proposed  procedure  allows  the 
user  to  quantitatively  map  potential  areas  of  Interest 
based  on  various  criteria  describe  '  this  work,  3) 
xt  utilizes  data  reduction  technique  which  are  an 
important  consideration  in  handling  muxtitemporal 
data,  and  A)  it  is  an  objective  oriented  procedure 
and  makes  repetitive  analyses  possible. 
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ABSTRACT 

nit.s  paperexamines  the  ustefulncss  of  remotely  sensed  data, 
IP  panicular  data  from  Landsat,  to  estimate  monthly  flows 
at  ungauged  sites.  A  determitiistic,  lumped-input, 
I'jmpcd-parameter  hydrologic  model  is  used  to  estimate 
How  of  ungauged  river  basins.  Two  techniques  that  relate 
the  model  parameters  to  basin  characteristics  required  by 
this  model  are  assessed.  First,  a  multiple  regression  analysis 
using  reflectance  values  of  Landsat  MSS  as  independent 
variables  is  used  to  transfer  the  model  parameters  to 
ungauged  sites.  A  .second  technique  is  a  vegetation  index 
method  that  uses  a  visual  segmentation  of  Bands  5  and  7 
images  into  grassland  and  woodland.  Model  parameters  are 
estimated  as  weighted  averages  of  values  derived  else¬ 
where.  The  results  in  both  ca.ses  are  comparable  with  those 
obtained  using  the  Thiessen  polygon  technique  for 
parameter  interpolation. 

KEY  WORDS:  Remote  .sensing,  hydrologic  models, 
'lliailand. 

INTRODUCTION 

'ITie  need  for  long-range  planning  of  water  resources  has 
become  more  evident  in  recent  years  with  population 
growth  and  increa.sed  development  and  utilization  of  the 
world’s  re.sources.  Since  manpower  and  funding  are  lim¬ 
ited,  priorities  for  resource  development  and  utilization 
must  be  established  through  systematic  planning.  Good 
quality  hydrological  data  are  necessary  for  the  efficient 
planning  and  design  of  a!!  water  management  projects. 
Unfortunately,  in  many  areas  hydrological  measuring  sta¬ 
tions  are  too  few,  and  in  some  areas  nonexistent,  Herschy 
et  al.  (1985)  reported  that  there  were  some  130,(X)0  rain 
g.auges  in  the  global  network,  most  of  these  in  developed 
countries.  At  the  present  time  elsewhere  most  traditional 
means  of  data  gathering  are  provided  by  low  technology 
and  high  labour  costs  and  they  are  inadequate  even  for  day 
to  day  management  of  water  resources.  Therefore, 
hydrologists  arc  as.siduously  seeking  new  ways  of  aug¬ 
menting  their  conventional  data  supplies.  Remote  .sensing 
is  beirig  explored  as  one  possible  answer  to  such  data 
acquisition  problems,  not  tlie  least  becau.se  of  its  perceived 
facility  for  providing  greatly  improved  space  and  time 
coverage  of  key  hydrological  variables. 


The  hypothesis  of  this  research  is  that  the  reflectance 
characteristics  of  the  drainage  basins  obtained  from 
Landsat  MSS  data  correlate  with  their  physical  character¬ 
istics,  e.g.  vegetation,  soil  type,  etc.,  and  that  these  in  turn 
can  be  related  to  model  parameters  that  arc  physically 
meaningful  and  therefore  vary  in  accordance  with  the  basin 
characteristics.  When  a  hydrologic  model  which  uses  such 
parameters  is  applied,  the  MSS  data  should  improve  the 
estimation  of  the  model  parameters  for  ungauged  basins. 

THE  STUDY  AREA  AND  DATA  AVAILABLE 

The  study  area  is  located  in  the  upper  part  of  the  Ping  River 
basin,  which  extends  in  two  provinces  of  Chiang  Mai  and 
Lamphun  in  northern  Thailand.  TTie  total  area  of  the  basin 
being  studied  is  1,274,500  hectares  and  is  subdivided  into 
17  sub-basins.  About  two-thirds  of  the  basin  area  is 
mountainous  and  covered  mainly  by  mixed  deciduous 
forest.  Evergreen,  hill  evergreen,  pine,  and  deciduous 
dipterocarp  forest  are  also  found  in  this  area  (Klankamsom 
and  Charuppat,  1981).  The  rest  is  a  rich  flood  plain  area. 

To  avoid  flow  data  affected  by  diversion,  only  basins  that 
did  not  have  water  diversion  were  selected  for  this  study. 
Thus  only  1 7  stations  of  the  27  Royal  Irrigation  Department 
(RID)  flow  measuring  stations  were  selected.  Precipitation 
data  were  obtained  from  8  stations  operated  by  the  Mete¬ 
orological  Department  and  6  stations  operated  by  the 
National  Energy  Administration  (NEA).  'I^e  temperature 
data  were  obtained  from  5  NEA's  stations.  Thus,  the 
number  of  precipitation  and  temperature  stations  in  the  area 
is  less  than  the  number  of  flow  gauging  stations.  This  is 
explained  by  the  great  interest  in  using  die  river  water  in 
the  area  for  irrigation  purposes.  From  a  hydrologic  view 
point,  this  area  is  one  of  the  best  gauged  areas  of  Thailand 
and  was  selected  because  it  offers  potential  for  split  sam¬ 
pling  techniques  of  calibration-validation.  However, 
unfortunately  the  area  is  poorly  gauged  from  a 
nieicoroiogicai  view  point.  This  unusual  situation  resulted 
in  some  difficulties  in  the  use  of  rainfall-runoff  model  in 
this  basin  (Saowapon,  1987).  Tfie  study  period  was  January 
1971  to  December  1980.  However,  the  study  concentrated 
on  the  1977  to  1980  interval,  because  data  are  available  at 
ail  stations  during  this  interval,  and  because  it  was  felt  that 
more  recent  data  are  more  accurate.  Also,  river  basin 
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conditions  during  this  period  were  probably  closer  to  those 
observed  in  1983  and  1985,  years  for  which  Landsat 
reflection  data  were  available. 

Two  Landsat  4  MSS  images  -Path  131,  Row  47-  obtained 
by  the  Landsat  receiving  station  in  Thailand  were  used  in 
this  study.  The  dates  of  the  images  are  April  24, 1983  and 
March  28, 1985.  Both  images  were  obtained  on  computer 
compatible  tape  (CCT)  fonnat  and  as  1 :250,000  black  and 
white  photographic  products  in  Band  5  and  Band  7.  Both 
images,  which  have  less  that.  5%  cloud  cover,  were 
obtained  during  the  dry  season,  since  during  the  wet  season 
the  area  is  normally  covered  by  clouds. 

HYDROLOGIC  MODEL 

The  model  selected  was  one  which  is  simple  and  has  been 
proven  to  have  parameters  related  to  the  basin  character¬ 
istics  (Wishart,  1987).  The  model  is  essentially  a  deter¬ 
ministic,  lumped-input,  lumped-parameter  type  model.  It 
has  four  coefficients  for  estimating  interflow, 
infiltration/mnoff,  percolation,  and  evapotranspiration. 
There  are  no  components  for  baseflow  or  channel  routing. 
Therefore,  the  model  sees  precipitation  as  either  running 
off  the  land  and  leaving  the  system  or  remaining  as  infil¬ 
tration.  The  infiltration  water  then  returns  to  the  channel 
through  interflow  or  returns  to  the  atmosphere  through 
evapotranspiration  or  is  lost  to  the  system  as  seepage  below 
the  root  zone  to  the  phreatic  zone. 

The  model  has  4  parameters,  which  are  listed  in  Table  1 
along  with  their  definitions.  A  basic  philosophy  of  the 
model  is  to  recognize  explicitly  the  spatial  variability  of 
each  parameter,  that  is  the  value  of  any  parameter  depends 
on  the  characteristics  of  the  particular  drainage  basin. 
Therefore,  the  model  parameters  need  to  be  calibrated 
before  the  model  is  applied  to  any  drainage  basin.  However, 
the  parameters  are  not  considered  to  vary  in  time  as  long 
as  the  river  basin  characteristics  remain  the  same.  Change 
in  land-use/land-cover  may  result  in  changes  in  model 
parameters. 

Table  1  Limit  value  of  model  parameters 


DEFINITION 

LIMIT 

VALUES 

SEC 

Soil  evapotran.spiration 
coefficient 

1  -  12 

SMC 

Soil  moisture  capacity 
(mm) 

0-500 

SFC 

Subsurface  flow  coeffi¬ 
cient  (mm) 

0-200 

UPGWR 

Upper  limit  of  ground- 
water  recharge 

0-  1 

Ro®cnbrock\s  rnsthod  of  hill  climbin**  ^Roscnbroc^ 
was  selected  as  the  optimization  technique  used  to  find  the 
value  of  each  parameter  during  the  model  calibration.  The 
objective  function  used  in  parameter  calibration  measures 
the  standard  error  of  estimated  flow.  The  optimum  model 
parameter  corresponds  to  the  minimum  objective  function. 

There  are  two  basic  inputs  to  the  model:  monthly  precipi¬ 
tation  and  monthly  average  temperatures.  However , during 


the  calibration  of  the  model’s  parameters,  monthly  runoff 
is  also  a  required  input.  Monthly  runoff  and  monthly  eva¬ 
potranspiration  are  the  main  outputs  of  the  model.  The 
model  also  provides  the  value  of  monthly  percolation  and 
soil  moisture  estimates  as  additional  outputs. 

BASIN  REFLECTANCE  ANALYSIS 

MACHINE  ANALYSIS 

The  variation  of  Landsat  spectral  signatures  from  one  frame 
to  another  is  dependent  upon  a  number  of  factors,  such  as 
changes  in  solar  elevation  angle,  differences  in  intrinsic 
reflectance  of  surface  targets,  and  effects  due  to  optical 
thickness  and  composition  of  the  atmosphere.  The  effect  of 
these  atmospheric  variabilities  needs  to  be  eliminated 
before  using  these  data  for  reflectance  analysis.  In  this 
study,  the  atmospheric  calibration  process  was  completed 
at  the  Canada  Centre  for  Remote  Sensing  (CCRS)  in 
Ottawa. 

All  17  watersheds  were  delineated  and  registered  to  the 
1983  image.  Geometric  correction  was  done  to  transform 
the  1985  image  co-ordinates  into  the  co-ordinates  of  the 
1983  image  by  using  30  control  points.  The  watershed 
boundaries  were  transferred  to  the  1985  image  from  the 
1983  image.  The  mean  reflectance  of  each  basin  in  four 
different  bands  was  obtained. 

MANUAL  INTERPRETATION 

Four  1 :250,000  scale  Landsat  4  MSS  photographic  images 
in  Band  5  and  Band  7  were  used  for  manual  visual  inter¬ 
pretation.  The  watershed  boundaries,  for  which  the  co¬ 
ordinates  had  been  transformed  from  UTM  to 
Landsat-based,  were  traced  on  transparent  films.  Using 
there  films,  the  watershed  boundaries  were  located  on  each 
Landsat  image. 

The  reflectance  for  each  image  was  divided  into  5  classes. 
The  brightest  class  was  assigned  a  reflectance  index  of  5 
and  the  darkness  of  1.  Indices  were  assigned  to  each  ele¬ 
ment  of  a  square  grid  superimposed  on  the  two  images. 
Figure  1  plots  the  relationship  tetween  reflectance  values 
obtained  from  visual  interpretation  with  values  obtained 
from  machine  interpretation. 

In  addition,  the  land  in  each  basin  was  classified  into  two 
types  -  woodland  and  grassland-  according  to  their  reflec¬ 
tance  characteristics.  In  each  classification  farmland  was 
combined  with  grassland.  Taking  into  account  the 
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FIGURE  1  Reflectance  values  of  Band  7  (1983  image) 
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reflectance  properties  of  dense  and  sparse  vegetation,  if  the 
area  appeared  as  bright  in  Band  5  and  dark  in  Hand  7  it  was 
classified  to  grassland,  and  areas  appearing  dark  in  Band  5 
and  bright  in  Band  7  as  woodland. 

RESULTS 

MOP-EL-CALTBRAUQ]^ 

The  model  was  calibrated  for  each  basin  by  using  the 
optimization  technique.  Figure  2  shows  the  plot  of  the 
measured  flows  versus  estimated  flows.  Tne  modelled 
peak  flows  generally  correspond  well  with  those  observed. 


FIG  URE  2  Hydrograph  of  measured  flow  and  calibrated  flow 

MODEL  VALIDATION  IN  TIME 

The  model  validation  process  consists  of  validation  in  time 
and  space.  The  validation  in  time  consists  of  applying  the 
calibrated  parameters  to  a  time  period  other  than  tlie  one 
used  for  calibration.  This  process  was  carried  out  on  7  river 
basins.  The  basins  used  in  this  phase  had  48  months  of  data 
available.  The  first  36  months  of  data  were  used  to  calibrate 
the  model  parameters.  These  parameters  were  applied  to 
the  last  1 2  months.  The  standard  errors  of  validation  are  of 
the  same  magnitude  as  the  standard  errors  of  calibration 
(Saowapon,  1987).  This  indicates  that  the  model  is 
acceptable  for  simulation  of  flows  during  other  periods  of 
time  for  which  only  precipitation  and  temperature  data  are 
available. 

RELATION.SHIP  BETWEEN  REFLECTANCE 
VALUES  AND  MODEL  PARAMETERS- 
VALIDATION  IN  SPACE 

The  main  objective  of  this  analysis  was  to  find  if  a  rela¬ 
tionship  between  reflectance  values  and  model  parameters 
can  be  obtained.  In  order  to  check  the  value  of  such  a 
relationship  for  estimating  model  parameters  in  ungauged 
areas,  a  split  sampling  technique  of  calibration-validation 
was  used.  From  the  17  gauging  basins,  four  set  of  samples 
were  used  for  the  calibration  and  validation  process.  In  the 
first  Sample,  ;>;•  '.c  A,  14  basins  were  used  for  calibiaiion 

and  3  basins,  winch  were  assumed  to  be  ungauged  basins, 
were  used  for  validation.  In  the  other  three  samples 
(samples  B,  C,  and  D),  12, 10,  and  8  basins  were  used  for 
calibration  and  5, 7,  and  9  basins  were  used  for  validation 
respectively. 

The  model  parameters  forungauged  basins  were  calculated 
by  three  different  techniques.  The  first  approach  involved 


TABLE  2  Model  parameters  obtained  from  basins  in  Africa 
(Wishan,  1987) 


TYPE  OF  LAND-COVER 

SEC 

SMC 

(mm) 

UIKIWR 

(mnVnramih) 

SIC 

in') 

S20 

.58  2 

0  55 

Woodlftitd 

SU 

1850 

43C 

0  M 

Riitt-fortil 

6.3 

374.0 

324 

022 

a  variety  of  multiple  regression  analyses.  Model  parame¬ 
ters,  obtained  by  calibration,  were  regressed  with  Bands  5 
and  7  from  manual  interpretation  and  from  machine 
interpretation  and  with  Bands  4  and  6  from  machine 
interpretation.  The  results  were  used  to  calculate  parame¬ 
ters  for  ungauged  basins.  If  the  value  of  the  calculated 
parameter  was  higher  than  the  upper  limit  of  that  parameter, 
the  upper  limit  would  be  assigned  to  it.  On  the  other  hand, 
the  lower  limit  would  be  assigned,  if  the  calculated  value 
was  less  than  the  lower  limit  of  that  parameter. 

The  second  technique  is  a  vegetation  index  method  that 
uses  the  classified  grassland  and  woodland  areas  as  weights 
to  estimate  the  model  parameters  as  weighted  averages  of 
the  parameter  values  as  shown  in  Table  2.  The  values  were 
developed  for  Africa  by  Wishart  (1987). 

Thirdly,  the  Thiessen  Polygon  technique  was  selected  as 
the  conventional  technique  to  interpolate  model  parameters 
from  the  nearby  basins  to  the  ungauged  basin.  The  results 
of  this  tecluiique  were  used  as  the  basis  to  compare  the 
improvement  of  flow  estimation  using  other  techniques. 

The  arithmetic  mean  of  the  error  of  each  technique  of  model 
parameters  estimation  was  calculated.  The  mean  of  the 
absolute  value  of  the  error  (MAVE)  and  its  standard  error 
were  also  calculated.  Table  3  shows  the  summary  of  error 
analysis  of  alternate  techniques  for  the  flow  estimation. 

The  Thiessen  Polygon  technique  provided  the  lowest 
standard  error  when  using  sample  A,  C,  and  D  as  the  cal¬ 
ibration  sample  with  the  standard  error  of  1 1 1.2  %,  87.1  % 
and  93.9  %  and  the  MAVE  of  62.2  %,  44.4  %,  and  53.6  % 
respectively.  On  the  other  hand,  the  simple  landcover- 
classification  technique  gave  the  lowest  MAVE  for  vali¬ 
dation  of  every  validation  sample.  Note  that  in  this  case 
there  is  no  model  calibration  as  the  parameter  values  were 
obtained  from  the  results  of  a  different  study  in  relation  to 
the  estimated  vegetation  characteristics  of  each  basin.  The 
two  machine  analysis  techniques,  i.e.  Band  4  and  Band  6, 
and  Band  5  and  Band  7,  had  a  slight  difference  in  the 
MAVE.  However,  the  standard  error  of  the  combination  of 
Band  4  and  Band  6  are  greater  than  the  standard  error  of 
Band  5  and  Band  7.  The  visual  interpretation  provided 
lower  MAVE  and  standard  errors  than  the  machine  inter¬ 
pretation.  For  each  technique,  the  MAVE  showed  an 
decreasing  trend  with  the  increase  of  the  number  of 
calibration  basins. 

The  Thiessen  Polygon  and  vegetation  index  methods  pro¬ 
vided  total  estimated  flows  in  die  same  direction,  i.e.  both 
overestimated  or  under  estimated,  only  three  river  basins 
have  results  in  opposite  direction.  The  total  estimated  flows 
for  small  basins  (areas  less  than  5,000  hectares)  are 
underestimated.  Figures  3  plots  the  estimated  flows 
obtained  from  both  techniques  versus  the  measured  flow  of 
basin  13.  In  general,  the  estimated  flow  from  both  tech¬ 
niques  correspond  acceptably  well.  However,  the  estimated 
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TABLE  3  Error  analysis  (in  percent)  of  alternate  techniques  for  flow  estimation 
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FI(;UKE3  Hydrograph  obtained  from  Thiessen  Polygon  and 
basin-classification  compare  to  measured  hydrograph 

flows  obtained  through  basin  classifications  show  zero 
estimated  flow  during  the  dry  season  followed  by  rapid  flow 
increases.  This  result  indicates  that  the  subsurface  flow 
coefficient  and  soil  moisture  capacity  which  were  obtained 
from  the  study  area  in  Africa  do  not  fit  well  for  this  area. 
Further  research,  using  additional  information  on  the  soil 
type  and  the  geology  of  the  area  and  their  relationship  to 
the  model  parameters,  is  therefore  recommended. 

CONCLUSIONS 

1.  The  deterministic,  lumped-input,  lumped-parameter 
type  model  can  be  used  for  flow  data  synthesis  at 
ungauged  stations  in  Northern  Thailand. 

2.  The  mean  reflectance  of  the  basin  from  Landsat  MSS, 
from  both  machine  and  visual  analysis,  can  be  used  to 
estimate  the  model  parameters  with  an  accuracy 
comparable  to  that  obtainable  by  interpolation  of 
model  parameters  using  Thiessen  polygons. 

3.  The  land-cover  classes  of  woodland  and  grass  land 
which  were  classified  from  Bands  5  and  7  yield 
acceptabie  results  in  estimating  model  parameters. 
Model  parameters  are  estimated  successfully  without 
calibration  using  an  African  relationship  and  Thai 
land-cover  as  input.  This  is  an  important  result  for 
regions  not  as  heavily  gauged  as  this  study  area. 

4.  The  remote  sensing  techniques  do  not  provide  signif¬ 
icant  improvement  of  flow  estimation  when  compared 
with  the  conventional  technique  of  Thiessen  polygon. 


However,  this  conclusion  is  probably  valid  only  for 
densely  gauged  areas.  The  research  provided  evidence 
that  for  ungauged  areas  the  estimation  of  model 
parameters  from  vegetation  estimates  is  effective. 
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mmsi 

Th»  p«p«r  (iticrlbti  •  ttgdy  to  ronotoly  ctnitd  togtthcr  Nith 
convtntlonal  ground*bii«d  Mtoorotogleal  «nd  hydrologicil  dot*  for 
Mttorthod  fnodoKng.  Th*  dati  aro  eoHttlnad  In  a  databaaa  wrlttan  tptcifl* 
cally  for  hydromataorologlcal  modtUno  on  Mlcrooconputara. 

Two  batint  in  uaittrn  Canada  with  aignificant  anowpaek  ara  baing  atudlad; 
tha  Kootanay  and  tha  Souria  and  two  diatributad  modala  ara  bafng 
davalopad.  Daily  viaibla  and  naar  <.tfra*r*d  data  from  a  NOAA  aataUlta 
art  uaad,  both  from  digital  tapa  arid  from  black  and  t^ita  photograph*. 

Tha  objactivaa  of  tha  atudy  ara  to  invaatigata  tha  utility  of  data  from 
aatallita  in  a  hydromataorological  modal  in  diffarant  phyaiographic  and 
elimatie  araa'.i  to  uaa  tha  modal  aa  a  taat^bad  for  diffarant  phyalcally* 
baaad  eompcnantt  and  to  davalop  a  land'phaaa  componant  for  etimatfc 
ganaral  ei  relation  modala. 


l.i..lMIftgPUCUgfi 

Four  major  davalopmanta  ara  occuring  in  hydrological  modal Ingt 

i)  Oavalopmant  of  modala  ia  incraaaingly  toward*  tha  uaa  of 
diatributad  variabla*  and  paramatara. 

ii)  Modal*  ara  bacoming  mora  phyalcally  baaad. 

iii)  Naw  aourca*  of  dita  ara  baing  axploitad; 
particularly  ramotalyatnaad  data. 

Iv)  Hydrology,  climatology  and  oceanography  ara  baing  coor* 
dinatad  for  global  circulation  modal*  to  atudy  tha  praaant 
climata  a*  wall  aa  poaaibla  climata  fluctuation*. 


Tha  atudy  daacribad  uaa*  axiating  hydrologic  modala,  davaloptng  tham 
toward*  a  mora  phy*ic*’baaad  atata,  and  toward*  th*  condition  whara 
aatatllt*  data  ia  uaad  aa  principal  data  input.  Tha  avantual  aim  It  to 
davalop  ona  of  tha  modal*  for  uaa  at  a  land’phaaa  componant  for  uaa  In 
GCMa. 


z.jjgmt 


2.1  Tha  naad  for  a  HvdfQLoflicai  Componant  withlnJiCM'i 

Mathamatical  modal*  of  tha  global  circulation  (GCM<f)  ara  amongat  th* 
Moat  eofflplax  and  computation*lnt*naiv*  modala  In  tha  natural  acianeat. 
Through  both  national  rattareh  Initiativai  and  intarnatlonal  programmat 
tuch  aa  GAAP  (Global  Atmotpharic  Raaaarch  Programma)  and  UCRP  (World 
Climata  Raaaarch  Programa)  major  prograat  haa  baan  mada  In  undarttanding 
atmoapharic  procaataa. 

Similarly,  on-going  prograraata  auch  aa  TOGA  (Tropical  beaan  and  Global 
Atmoaohara)  and  WXC  (World  Ocaan  Circulation  Exparlmant)  ara  axpactad  to 
produce  aignificant  improvamanta  in  undarttanding  of  tha  ocaan  dynamlct 
and  thair  interaction  with  tha  atmoaphara. 

That*  davalopmanta  have  ltd  to  tha  conatruction  of  many  global  cireuta’ 
tion  aiodala  (GCM'a)  and  nuntrical  waathar  prediction  (NWP)  modala.  Mott 
GCM'a  contain  a  land'phaaa  componant,  but  thia  ia  probably  tha  laaat  un* 
daratood  part  of  tha  water  cycle  and  it,  parhapa,  tha  waakaat  link  in  tha 
CCH's. 

Although  tha  total  annual  tranafar  of  yatar  from  land  to  aaa 
(atrtamflow),  aatimatad  (NRC,  1986)  at  36  x  10^  km^,  ia  amall  eomparad  to 
tha  total  annual  praelpitatlon  (ovar  (and  and  aaa)  of  around  500  x  10 


km^.  tha  gaographlcal  diatributlon  of  land  aurfaca  paramatara  ia  of  par¬ 
ticular  ia^rtanea  to  0CH*a.  Tha  axiating  hydrological  component* 
uaually  account  only  for  change*  in  toil  moiatura  and  anew  cover;  im* 
provamanta  in  QCM>a  could  b*  mada  in  tha  traatmant  of  vagatativa  cover, 
toil  water  capacity,  water  movement  in  aolla,  tha  groundwater  ayatam  and 
in  aurfaca  runoff. 

Adding  a  mora  data! lad  hydromataorologlcal  component  to  CCM'a  would  alto 
lead  to  batter  integrated  modal*  of  th*  global  climata  ayatw  tinea  th* 
generated  runoff  data  could  be  compared  to  recorded  atraamftow  data  aa  a 
check  on  tha  parformanca  of  tha  GCH. 


2.2.  Hydroloaie  Modala 


A  hydrologic  modal  la  an  attaapt  to  rapraaant  in  undaratandabla  form  tha 
coaplax  ayatam  control  ling  tha  land-phaaa  of  tha  water  cycle,  n  aaaawa, 
hydrology,  at  a  acianca,  la  tha  development  of  auch  modala.  Many  modal* 
have  baan  davalop^  for  many  diffarant  purpoaaa,  and  many  claaalfieation 
tchamaa  have  baan  propoaad  (a.g,  Clarke,  1975;  Flaming,  1979), 


linply,  hydrologic  modala  can  be  eatagorltad  in  two  waya;  by  th*  dagra* 
of  undaralanding  of  th*  catchment  phytic*  involved  and  by  the  traatmant 
of  tha  baain  phyalography  (Figure  1).  A  atochaatic  modal  aaauma*  no 
knowledge  of  th*  phyaica  of  tha  batin,  a  parametric  mod*  aaaimm*  *om* 
limited  knowledge  and  a  fully  phyaieal  modal  uata  th*  known  lR«  ot 
^ytica  to  relate  baain  incut  to  baain  output*  Itmpad  modala  uaa  baain- 
average  data,  diatributad  modal*  uaa  th*  phyaiographic  knowledge  of  th* 
baain  at  important  information, 

Itoch.itic  mod.!,  wid  p.rw.trlc  inod.1,  ,r,  ,«i.r,Uy  phy,!' 
cl  md.1,  nnl  b.  dl,(rlbut,d  by  rwtur,. 


2.3.  ChPle,  of  1  Hydrolwlc  caicenOTt  for  ,  MW 

Th.  purpoc  of  ,  ,mr,l  clrcul.tlon  nod.)  I.  to  ilmul.t,  th.  cllmit.  of 
th.  ,tii»,ph.r.  froi.  ftr,t  principin  (Ic.  ,t  ,1,  19M).  *  hydrolojlc 
conpoent  mtt  th.rofor,  b,  „  physlcllyboiwf  „  poiilbl,. 

OCM.  oporot.  Kith  trid  Mu,r„  In  th.  ord.r  of  200,000  ceparod  to 
th,  10  ki,^  to  10,000  b.'^icil.  of  hydrologic  mdol,,  to  th.  Int.rKtlon 
b.tiMm  th,  tHo  nodot,  nuot  b,  avorMid.  11*1  Urly  th,  tl**  TC.t,,  of  tha 
two  modal,  .r.  dlff.rmt,  (ntroducln,  .noth.r  avartgln,. 

Phytic, 1  modal,  n,,d  Iniwn,,  numbtrt  of  dit,  and  th,  only  practical 
•cure,  of  th*,,  data  la  rmot*  taming. 

g,,,d  on  pmlou,  atudi,,  of  grid  iqu«r,  modal,  (lolomon  at  .1,  1960), 
phytically  batad  modcli  (Charbonnaau  at  at,  1977)  and  on  tha  u,,  of 
ramottly  aantad  data  (lloblnaon  1  Aatoolata,,  1986)  It  waa  dacldad  to  u,f 
tho  diatributad  aaml-phyalcal  davtiopnant  of  C20UEAI)  (known  a,  tha 
Hydrotal  modal,  fortin  at  al,  1988)  ••  tha  main  modal,  togathar  with  a 
davalopmant  of  a  much  alnplar  modal  (Klta,  1978)  aa  a  chack. 

2.6  Hydrotal  Hodtl 

Th*  Hydrotal  modal  waa  davalopad  by  IHAI-Cau  at  th*  Unlvaralty  of  Ouobac 
(fortin  at  *1,  1988)  (or  u,#  on  microcomputara.  Tharo  ara  aavan  moAilaa, 
writtan  In  tha  'C  languaga,  for  data  Input,  phytlography,  praelpitatlon, 
ovopotranoplrotlon,  ground'Watar  hydrology,  optifflitatlon  and  output. 

Tha  modal  oparata*  on  a  manu-tubmanu  ayttam,  tha  u,*r  talaoting  tha  ra- 
quirad  oparatlona  of  tha  modal  and  (pacifying  th.  naciary  parmtari.  A 
bMln  '*.ik'  dafln.,  th.  »rr»ng«Mnt  of  grid  ,qu.r..  ov.r  th.  bailn  and 
furthar  flit,  dafln.  th.  ch.nn.1  r..ch.a  and  tha  chann.1  nodaa.  During  a 
almulatlon  run,  tha  uaar  can  diaplay  tha  atatua  of  tha  varlablaa  and 
paramatara  for  any  grid  aquara,  channat  raach  or  charmal  nod,  at  aucc**' 
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tive  time  steps.  After  a  simulaticn  run,  temperatures,  rainfall,  snou* 
melt,  outflow,  surface  runoff,  and  streamflow  can  all  be  stored  for  each 
grid  square  for  each  time  interval. 

2.5 

the  SlURP  model  is  a  simple  lumped  basin  model  used  as  a  check  on  the 
data  and  on  the  modeling  results;  a  simple  model  con  often  detect  errors 
in  recorded  data,  this  model  has  previously  been  used  in  a  comparison 
with  the  SSARR  model  (Kite,  1974).  the  model  uses  basln-aversfled 
precipitation  and  mean  daily  temperature  from  the  database  described  in 
the  next  section.  Snowmelt  is  calculated  by  the  deflree*day  method  and 
evaporatioo/evapotransplration  is  calculated  using  the  complementary 
relationship  (Horton,  1963). 

3-  DATA 

3.1  Cround-based  data 

table  t  summarises  the  types  of  data  used  in  the  hydrologic  models. 
Cround'based  data  includes  climatic  data  such  as  daily  oiaxiiiun  and  mini¬ 
mum  teiv«raturat,  daily  precipitation  and  daily  anew  on  the  ground  at 
well  at  hydrometric  data,  physiographic  and  land-use  da*a.  Provision  had 
therefore  to  be  made  for  both  point  and  distributed  data. 


3.2  Sateiiite  Data 

The  types  of  data  which  satelUtea  can  provide  for  hydrological  modala 
include  snow  cover  (Allen  i  Mosher,  1966),  snow  wster  equivalent 
(Goodison  et  al,  1966),  cloud  cover  ar>d  precipitation  (Moaea  i  Barrett, 
1986;  tsonis  t  Isaac,  1965)  and  evapotranapiration  (Hatfield  et  al, 
1963). 

At  this  stage  of  the  study,  the  only  data  needed  from  satellite  are  the 
percentages  of  each  grid  square  within  the  two  basins  which  are  covered 
by  snow  and/or  cloud  on  each  day.  The  practical  choice  of  satollltos 
which  could  provide  these  data  include  (fable  2)  tha  poiar-orbiting 
Landsat  series  using  multi-spectral  scannar  (MSS)  or  thematic  mapper  (tH) 
data,  the  aun-aynchroooui,  SPOT  aatelilte,  the  NOAA  aeries  of  polar- 
orbiting  satellites  and  tha  COES  serits  of  geoatatlonary  satallitea. 

SPOT  has  the  highest  resolution  (10*20  m.)  but  was  rejected  on  cost 
grounds.  Landsat  offered  next  beat  resolution  (30  m.  for  TH  and  80  m.  for 
HSS)  but,  again,  the  data  were  too  expensive  to  use  on  a  daily  bests.  The 
data  from  COES,  although  available  at  higher  than  required  frequency, 
were  not  used  because  of  the  low  resolution  end  the  high  level  of  distor* 
tion  at  the  latitudes  of  (he  study  basins. 

Tht  study  uses  daily  visible  and  near  infra-red  date  (bands  1  and  2)  from 
a  NOAA  sateiiite  for  cloud  end  snow  information  at  well  as  one  landsat 
image  per  basin  for  land  classification. 


3.3  0Btabe»te 

After  a  review  of  commercial  database  packages  it  was  decided  to  write  a 
database  for  a  microcomputer  in  Fortran  using  a  full*screen  data  entry 
system.  The  chief  advantage  of  (his  sy8(em  over  proprietary  database  lan¬ 
guages  is  that  the  data  are  in  filea  which  are  directly  accessible  by 
programs  written  in  Fortran  or  C.  Using  a  proprietary  detebese  languages 
might  have  meant  keeping  two  sets  of  parallel  files,  possibly  leading  to 
confusion. 

The  database  starts  with  a  main  menu  with  options  of  updating  or  printing 
data,  displaying  data  distributed  over  the  grid  squares  of  the  basin, 
calculating  the  distributed  data  or  adding  a  new  basin  to  the  database. 
Distributed  data  include  precipitation,  temperature,  snowdepth,  eleva¬ 
tion,  slope,  aspect,  and  land'use  types. 

If  the  user  is  adding  or  modifying  data  then  the  appropriate  form  wilt  be 
screened  (Figures  2}  end,  if  the  data  exist  they  will  be  located  using 
direct  access  files  and  wilt  be  written  to  sc  .an  for  viewing  or  update. 
Backing  up  each  form  is  an  extensive  help,  crior  and  validation  syatem  to 
ensure  data  quality.  After  filling  or  correcting  the  form  the  user  can 
scroll  forward  or  backward  a  month  at  a  time  through  that  atation'a 
record  or  can  choose  another  station  or  return  to  the  mein  menu. 


4. BASINS 

Three  criteria  were  used  in  the  selection  of  basins  to  study: 

i)  They  should  be  in  different  physiographic  and  climatic  zones 
within  Western  Canada. 

((\  TkM/  •i.a.jih  ^  I*';*  U'C  sf  f.0.*..* 

ill)  They  should  have  routine  hydrometeorologic  data  avallebte. 

The  basins  selected  are  the  Kootenay  and  tht  Souris.  The  Kootenay  basin 
is  situated  in  the  Rocky  Mountains  in  south-eastern  British  Columbia 
whila  the  Souris  covers  parts  of  south-eastarn  Saskatchewan,  south¬ 
western  Manitoba  and  northern  North  Dakota.  Figure  3  shows  3'dimensional 
diagrams  of  the  two  basins. 

The  Souris  basin  has  one  complication  not  prtsant  in  the  Kootenay;  non¬ 
contributing  area.  In  a  prairie  watershed,  not  all  runoff  raachas  tha 
main  stream;  because  of  the  topography,  some  runoff  is  caught  In  depres¬ 
sions  or  sloughs  with  internal  dralnaga  and  never  reaches  the  main 


straM.  The  affact'^a  real  drainage  area  varies  with  antecedent  condi¬ 
tions  and  with  precipitation  in  s  complex  msnner.  In  order  to  derl  with 
this  In  a  modal,  tha  affective  drainage  area  it  defined  as  that  area  of  a 
basin  which  might  be  expected  to  contribute  runoff  during  a  year  having 
runoff  with  a  return  period  of  two  years,  Tha  affaetiv#  drainage  areas 
for  Alberta,  Saskatchewan  and  Manitoba  have  bean  mapped  (PFRA,  1963)  and 
these  maps  have  been  used  to  delineste  effective  drainage  eras  for  each 
grid  square  in  tha  Souris  basin. 

5-  DATA  ANALYSIS 

S.1.  Satellite  Osta  on  Maonatlc  Tape 

NOAA  satailita  data  for  tha  two  basins  are  received  from  tha  Atmospheric 
Environment  Strvict  rtcalving  station  in  Edmonton,  Alberta,  on  mep’iatic 
tape.  Tha  data  art  transferred  from  tape  to  a  70  Mb  hard  diek  on  a  386 
microcomputer  using  a  1600/6250  bpi  9-track  tape  drive.  The  herd  disk  on 
the  micro  wes  partitioned  into  e  C:  drive  of  20  Mb  for  progreme  and  a  50 
Mb  0:  drive  for  image  data.  Tha  transfer  program  allows  the  user  to 
select  a  variable  sized  window  of  data  from  the  full  image  on  tape. 

Once  tha  data  are  on  tht  hard  drive,  a  commercial  software  packsgt  is 
used  to  display  and  analyst  tha  iiuga.  A  particularly  clasr  image  for 
each  basin  was  geographically  correetsd  to  tht  app  opriate  grid  square, 
and  all  subsequent  images  are  regfatarad  to  these  bait  images.  Tha 
ctoud-covarad  and  snow*covarad  areas  within  tha  basins  art  identified 
using  a  supervised  classification  technique  and  tha  percent  of  each  grid 
aquart  covered  by  cloud,  enow,  both  or  neither  ia  calculated  (Kite, 
1966).  At  any  ataga  in  tha  image  analysis  process  SSm  slides  and  8.5  x 
10.6  cm.  colour  prints  can  be  obtained  using  an  on* line  image  capture 
device,  figure  4  shows  a  flowchart  of  the  image  analysis  procadurt. 


A  series  of  computer  programs  wars  written  to  automate  these  procedures 
but,  still,  a  high  degree  of  manual  intervention  is  needed  for  navig  on 
of  tha  image  and  for  classification. 

5.2.  stiHHU  Ptit  ,«  Ph9i9artp*iK  Ipnatt 

g*.ack  and  white  photographs  of  NOAA  visible  and  IR  imegts  (Figure  5)  are 
jtad  ai  a  quicker  and  easier  method  of  obtaining  cloud  and  snow  cover  for 
the  basins  for  interpolation  between  the  images  from  digital  tape.  The 
•nathod  used  for  this  analysis  has  bean  described  by  Johnstone  and  tshida 
(19E'4)  and  was  originally  used  for  flood  forecasting  on  the  St  John 
River,  New  Brunewick.  The  equipment  consists  of  •  dedicated  microcom* 
puter,  a  video  camera  and  copy  stand  and  a  density  slicing  unit.  Figure 
6  shows  a  flow  chart  of  tha  image  analysis  procatAjrt. 

Tha  image  is  nsvigstad  to  s  prs'dlgitisad  basin  eutlint  containing 
geographical  reference  points  by  moving  tht  photograph  and  zooming  tht 
video  camera.  Tht  Image  Is  videodigitisad  and  tha  resulting  digital  data 
are  analystd  using  density  slicing  to  saiect  suitable  thresholds  for 
cloud  and  snow  cover.  Finally,  a  program  ealculatas  tha  percent  of  each 
grid  square  covered  by  cloud,  snow,  both  or  neither.  Usually  the  visible 
Imege  Is  used  for  snow  on  tht  ground  and  tht  IR  is  used  to  meesure  cloud. 

Agein,  a  high  degree  of  manuel  intervention  is  needed,  but  the  average 
time  needed  to  analyse  en  imege  is  only  20  minutes  coapered  to  2  hours 
using  the  system  from  magnetic  tape. 

Table  3  shows  some  atetistics  for  tht  NOAA  black  and  white  images  used. 
It  can  be  seen  that  for  the  Kootenay  basin,  over  90X  of  the  images  ex¬ 
pected  were  received  end  about  69X  of  those  expected  were  both  received 
end  usable.  Of  the  usable  Imegts  received,  only  36X  were  for  non*100X- 

clood  days  (thet  is,  days  for  which  snow-cover  could  be  measured).  Com¬ 
parable  stetiatics  for  tht  $ouris  basin  art  93X,  91X  and  48X.  Reasons  for 
images  being  .mosesble  Include  poor  alignment  (missing  pen  or  ell  of  the 
basin)  and  streaky  imgas  resulting  from  software  problems  at  th#  satal- 
lltt  rtcaplloo  station,  Tht  software  problama  are  associated  with  a  major 
changeover  in  recaption  systama. 

Such  atatittics  would  be  uaaful  for  developing  a  research  model  eoch  ae 
this  into  a  practical  model  for  water  resourcea  tnginaaring. 

5.3  Ccfftoinii^  Satfllita  and  Crwird-bend-Pltl 

Tha  databaia  conlalna  an  option  for  combining  eataliita  and  grou^*basad 
data.  In  this  option  tsmparaturt  dots  ora  distributed  to  each  grid  square 
using  data  from  tha  three  closest  cllmste  stations  adjostsd  for  eleystion 
and  weighted  according  to  Invtrsa  distancs.  Precipitation  It  distributed 
similarly  and  It  than  adjusted  using  the  sstalllta  cloudcovar  Informa¬ 
tion,  Snowcovar  distribution  uses  the  additionsl  information  from  setol* 
lite  snowcovar  dats  end  from  snowcourse  water  equivalent  date.  Tempera* 
tura  and  precipitation  lapse  rates  are  verisbles  and  the  user  can  also 
msnualiy  adjust  any  of  the  distributed  data. 


6.  DISCUSSION 

Tht  U.S.  National  Research  Council  (1986),  In  It'w  proposal  for  an  Inter¬ 
national  Geosphara-Blosphara  Program,  concluded  that, 

•Major  efforts  should  be  made  to  develop  conceptual  models 
to  batter  understand  why  changes  are  teking  piece  In  the 
hydrologic  cycle  and  to  integrate  these  models  with  global- 
xrxla  HtffloxDherle  snd  oceanic  .."M's  for  study  of  cUmete 
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change.  Analytical  work  it  needed  to  develop  hydrologic 
modelt  that  auccettfulty  limulate  auch  faetora  at 
atrtafflflow* . 

Such  work  will  not  only  improve  the  GCN'a  but  may  alto  improve  under* 
•tending  of  the  phyaical  procetaea  of  the  waterahed,  aince,  according  to 
Klenaa  (19a2): 


Mt  aeema  very  likely  that  hydrology  will  Junp  ahead  after 
it'a  linka  with  procetaea  at  the  planetary  level  are  better 

eatabliahed . Thia  belief  atema  from  an  obaervation  that 

a  auceaaful  aolution  of  a  problem  it  more  likely  if  it  it 
approached  from  two  oppoaitc  directtona.  In  hydrology,  the 
‘‘other"  direction  it  "downwarda"  from  global  concepts.  It 
follows  that  the  remote  tenting  techniques,  oriented  to 
areal  rather  than  point  events,  may  have  an  inherent  poten* 
tial  for  fertilization  of  hydrological  thinkir>g‘. 

It  h^a  also  been  argued  (Sevan  i  Hornberger,  1981)  that  at  precipitation 
it  the  moat  variable  meteorological  element,  errors  in  estimating 
precipitation  ara  likely  the  limitina  factor  in  runoff  simulation  and 
that  conventional  meant  of  eatimating  precipitation  are  inadequate.  Areal 
estimates  from  satellite  offer  e  means  of  overcoming  these  limitations. 

The  first  atepa  in  this  project  have  been  to  design  a  database  to  combine 
remotely'sensed  data  and  ground'baaed  data.  Data  for  two  basins  for  an 
18*month  period  have  been  collected  and  entered  in  the  database.  Two 
hydrologic  models  have  been  obtafr>ed,  one  distributed  and  one  lumped.  The 
m^lw  will  be  applied  to  the  two  basins  to  estimate  streamflow  and  the 
utility  of  the  remotely'sensed  data  will  be  assessea.  later  stages  ot  the 
project  will  develop  the  phyaieallybased  eompor>ents  of  the  distributed 
model  and  adapt  it  as  a  land'phase  component  for  GCH‘s. 
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FIGURE  3  3-D  BASIN  DIAGRAMS 
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FIGURE  5.  NOAA  B/W  VISUAL  &1R  IMAGES 
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Abstract 

By  satellite  monitoring  o<  the  seasonal  snow  cover  it  is  pos¬ 
sible  to  evaluate  the  snow  accumulation  In  mountainous 
areas.  The  changing  areal  extent  of  snow  cover  is  an  impor¬ 
tant  input  variable  for  snowmelt  runoff  models.  Direct  mea¬ 
surements  of  snow  reserves  are  hampered  by  the  difficult 
access  and  avalanche  hazards  in  the  remote  parts  of  a 
mountain  basin.  Therefore  remote  sensing  is  being  increas¬ 
ingly  applied  to  help  to  solve  these  problems.  As  an  ex¬ 
ample,  the  paper  presents  snowmelt  runoff  simulations  for 
two  hydroelectric  stations. 

Keywords:  snow  mapping,  snow  accumulation,  runoff  fore¬ 
cast,  satellites 


1 .  Monitoring  of  seasonal  snow  cover  by  satellites 

Earth  observation  satellites  allow  to  monitor  the  seasonal 
changes  of  the  snow  coverage  in  alpine  regions.  The  sea¬ 
sonal  accumulation  of  snow  and  the  gradual  decrease  of  the  ' 
snow  covered  area  during  the  snow  melt  season  is  a  typical 
feature.  Methods  are  being  developed  to  quantify  this  pro¬ 
cess  by  periodical  snow  cover  mapping. 


As  an  example.  Fig.  1  shows  tho  basin  of  the  upper  Rhine  in 
the  Swiss  Alps  {Rhein-Falsberc  3250  km®,  560-3614  m 
a.s.l.}.  The  snow  cover  Is  shown  as  it  has  been  evaluated 
from  Landsat-MSS  data  (Baumgartner,  1987).  The  areal  ex¬ 
tent  of  the  snow  coverage  in  different  elevation  zones  can  be 
evaluated  for  different  regions-of-Interest  or  subbasins.  If 
consecutive  snow  cover  maps  resulting  from  different  satel¬ 
lite  overflights  are  available,  depletion  curves  can  bo  derived 
as  shown  in  Fig.  2.  In  the  figure  the  depletion  curves  of  two 
smaler  subbasins  Sedrvn  (108  km®,  1840-  3210  m  a.s.l.)  and 
Tavanasa  (215  km®,  1277-3210  m  a.s.l.)  are  given  for  com¬ 
parison  concerning  the  nmoff  season  1985.  The  two  hydro¬ 
electric  stations  are  located  within  the  subbasin  Ham  (Rg.  1). 

As  mentioned,  remote  sensing  capabilities  enable  us  to  map 
the  snow  cover.  Advanced  digital  image  processing  tech¬ 
niques  are  used  and  with  the  aid  of  a  digital  terrain  model 
(DTM)  the  snow  cover  analyses  are  computed  in  different 
elevation  zones.  By  that  means  tho  snow  cover  depletion 
curves  can  be  plotted  from  a  sequence  of  such  recordings. 


2.  Evaluation  of  the  areal  water  equivalent  of  snow 

The  depletion  curves  reflect  the  seasonal  decrease  of  the 
snow  cover  as  it  is  influenced  by  temperature  and  precipi- 


1_J  Snow  covered 
!  I  Transition  zone 
I  I  Snow  free 
I  Clouds 


Fig.  1  Basin  of  the  upper  Rhine  in  Switzerland  (Felsberg)  with  the  snow  cover  evaluated  from  the  Landsat  overflight  on 
1 8-MAY-1 982.  Partial  test  areas  are  labeled  I  *  Ham  and  T  ■  Tiefencastel. 


b)'  CoiiipuiBu  diiti  fiiBabureu  dis>ciiarge  from  ihe  catchment  area  of  the  nyaroeiectric  station  lavanasa. 


Fig.  2  Depletion  curves  of  elevation  zones  (B,  C,  D,  and  E)  of  the  sub-basins  a)  Sedrun  and  b)Tavanasa  for  the  snowmelt 
season  1985.  B  1100-1600  m  a.s.l.  D  2100-2600  m  a.s.l. 

C  1600-2100  m  a.s.l.  E  2600-361 4  m  a.s.l. 


tation.  In  order  to  get  the  initial  accumulation  of  snow 
"modified  depletion  curves"  can  be  derived  as  explained  by 
Hall  and  Martinec  (1985).  These  curves  relate  the  areal 
snow  coverage  to  the  cumulative  snowmelt  depths.  In  Fig.  3 
the  modified  depletion  curves  of  the  subbasins  Sedrun  and 
Tavanasa  are  shown. 

In  contrast  to  a  conventional  depletion  curve  of  the  snow  co¬ 
verage,  the  modified  curve  relates  the  snow  coverage  with 
the  cumulative  snowmelt  depth  (instead  of  time).  A  modified 
depletion  curve  thus  indicates  the  initial  water  volume  stored 
in  the  snow  cover.  It  is  the  area  between  the  curve  and  the 
x,y-axes.  During  the  snowmelt  season,  it  is  also  possible  to 
read  off  the  water  volume  which  has  flown  off  and  the  water 
volume  which  is  still  stored  in  the  snow  cover. 


This  evaluation  is  applied  to  the  catchment  areas  of  Sedrun 
and  Tavanasa  in  Fig.  3.  The  volume  available  for  Sedrun 
serves  for  peak  electricity  production  from  a  reservoir  while 
Tavanasa  is  a  run-of-river  power  plant. 

Both  informations  have  been  required  by  an  electrical  com¬ 
pany  and  found  important  for  an  Improved  production  of 
electricity. 


3.  Modelling  of  the  snowmelt  runoff  for  hydropower 
and  flood  control 

The  seasonal  snow  cover  is  a  dominant  runoff  factor  in 
mountain  basins.  Recently,  the  attention  has  been  focused 
on  snowmelt  runoff  models  by  a  project  of  the  World  Meteo¬ 
rological  Organization  (WMC,  1986).  Of  the  models  tested, 
the  SRM  model  (Martinec  et  al.,  1983)  exploits  the  increasing 
availability  of  snow  cover  mapping  from  satellites.  Besides 
the  air  temperature  and  precipitation,  the  snow  covered  area 
from  conventional  depletion  curves  (Fig.  2)  is  the  essential 
input  variable  used. 

The  deterministic  snowmelt  runoff  model  (SRM)  is  designed 
to  simulate  or  to  forecast  the  daily  discharge  in  mountain 
basins,  resulting  mainly  from  snowmelt  but  also  from  preci¬ 
pitation. 

Based  on  the  above  mentioned  satellite  snow  cover  map¬ 
pings,  the  daily  flows  from  April  to  September  1985  have 
been  computed  for  the  previously  mentioned  hydroelectric 
stations  Sedrun  and  Tavanasa.  As  shown  in  Fig.  4,  the  daily 
runoff  values  have  been  simulated  for  both  stations.  The 
model  accuracy  is  characterized  by  the  coefficient  of  deter¬ 
mination 


Fig.  3  Modified  depletion  curves  of  the  snow  coverage  in  the  sub-basins  Sedrun  andTavanasa  for  the  runoff  season  1985 
for  comparison  in  the  dif.erent  elevation  zones  (C,  D,  E  as  in  Fig.  2). 
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SOi  -  Qi')^ 

i=! _ 

n 

X(Qi  ■  Q)^ 

i=1 


where 


Qi  is  tue  measured  daily  discharge 
Qj'  is  the  computed  daily  discharge 
Q  is  the  average  measured  discharge 
n  is  the  number  o1  daily  discharge  values 
(n  =  1 83  in  the  given  case) 


and  by  the  volume  deviation 
V-V 

Dv  (%]  X  too 


where  V  is  the  measured  runoff  volume 
V  is  the  computed  runoff  volume 

No  updating  or  calibration  was  used,  tr.at  is  to  say  the  model 
parameters  were  predetermined  and  the  simulation  pro¬ 
ceeded  on  the  basis  of  previously  computed  discharge.  It 
was  thus  possible  to  use  snow  cover  mapping  from  Landsat 
data  in  two  relatively  small  catchment  areas. 

If  such  computations  can  bo  carried  out  in  real  time  (using 
temperature  and  precipitation  forecasts),  hydroelectricity 
production  can  be  increased  (Kawata  and  Kusaka,  1 988) 
and  flood  control  improved.  In  alpine  conditions,  floods  from 
snowmelt  only  are  improbable.  They  occur  when  the  runoff 
from  heavy  rainfalls  is  superimposed  on  the  snowmelt  runoff, 
as  illustrated  in  Fig.  4  by  several  sharp  peaks. 


4.  Forecasting  on  the  basis  of  multisensor 
satellite  recordings 

In  order  to  be  able  to  use  these  tecnniques  for  (operational) 
forecasting  purposes,  one  needs  "guaranteed  information". 

In  the  past,  usable  Landsat-MSS  data  was  not  always  avail¬ 
able  for  the  specified  area  and  the  time  period  under  consi¬ 
deration.  Based  solely  on  Landsat  imagery  a  runoff  forecast 
cannot  be  guaranteed. 

An  obvious  consideration  is  to  integrate  mmote  sensing  in¬ 
formation  from  other  satellite  sensors  into  the  snow  cover 
determination  scheme  as  well.  It  has  been  discussed  by 
Baumgartner  et  al.  (1988)  under  what  circumstances  data 
from  the  weather  satellite  system  NOAA/AVHRR  can  be  used 
for  snow  cover  mapping.  It  has  been  reported  that  due  to  the 
spatial  resolution  of  about  1000m  x  1000m  of  NOAA  a 
minimum  basin  size  of  about  600-1 000  km^  is  necessary  for 
a  digital  analysis. 

In  the  meantime  data  became  available  from  the  SPOT-1 
satellite  and  data  will  become  available  rather  soon  from  the 
Japanese  MOS-1  system.  No  major  problems  have  to  be  ex¬ 
pected  for  the  analysis  of  those  data.  Due  to  the  fact  that  they 
sbout  th8  rssclut'on  or  ovon  botto**  thso 

Landsat-MSS  the  resulting  snow  cover  maps  w>ll  be  of  ad¬ 
equate  quality. 

The  SPOT  system  offers  in  the  multispectral  mode  a  ground 
resolution  of  20m  x  20m  and  the  ability  of  its  sensors  to  point 
up  to  27°  East  and  West  of  the  local  vertical  axis.  This  latter 
feature  gives  interesting  possibilities  to  increase  the  number 


of  opportunities  to  obtain  views  of  a  given  area.  Exactly  this 
property  in  addition  with  any  further  active  sensor  in  orbit 
prepares  the  way  for  an  operational  procedure  for  snowmelt 
runoff  forecast. 


5.  Conclusions 

Remote  sensing  Landst-M3S  data  enabled  us  to  ma,n  snow 
coverages  even  in  rather  small  catchment  areas  (as  re¬ 
quested  by  a  hydroelectric  company)  in  order  to  serve  the 
requirements  of  snowmelt  runoff  modelling. 

The  paper  deals  only  with  Landsat-MSS  data,  but  with  the 
advanced  capabilities  of  the  SPOT  sensor  system  and  any 
further  earth  observation  satellite  a  sufficient  frequency  of 
overflights  seems  to  be  guaranteed. 
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ABSTRACT 


Rapid  mapping  of  the  areal  extent  of 
mid-summer  snow  patches  north  of  the 
arctic  tree- line,  as  input  to  winter  snow 
accumul  tion  models,  is  readily  carried 
out  using  LANDSAT  TM  image  data. 
Discrimination  of  snow  from  cloud,  bare 
rock,  alluvial  gravel  beds  and  beach 
deposits  proved  relatively  easy,  using 
information  combined  from  TM  bands  2,  4 
and  5.  A  linear  stretch  contrast  and 
training  area  selection  permitted  the 
successful  execution  of  a  maximum 
likelihood  classification,  followed  by 
measurement  of  snow-covered  areas  on  all 
512  X  512  sub-scenes  of  the  original  TM 
image.  Some  refinements  are  anticipated, 
notably  for  recognition  of  snow  in 
shadowed  areas,  but  the  technique  should 
prove  suitable  for  large  scale  snow  patch 
mapping  across  large  sectors  of  the 
arctic. 


INTRODUCTION 


Mapping  of  snow  cover  accumulation 
patterns  in  Arctic  Canada  relies  heavily  on 
long  term  snow  course  data  from  a  very 
limited  number  of  almost  exclusively 
coastal  meteorological  stations  (Maxwell, 
1980).  The  effects  of  high  topography  and 
continentality  may  be  inadequately 
represented  by  such  maps,  as  was  shown  in  a 
compilation  of  availahle  dat-  from  the 
Ungava  Peninsula  (Gray, 1983).  i,aur’ jl  et 
al . (1984, 1986 )  demonstrated  by  selective 
measurements  of  the  numbers  and  areas  of 
residual  mid-summer  snow  patches  on  air 


photographs,  that  a  high  correlation 
existed  between  snow  patch  area  and  the 
previous  winter’s  snow-fall  for  the 
nearest  meteorological  station.  Indeed  it 
appears  that  for  the  high  arctic,  snow 
patch  survival  may  be  more  a  function  of 
winter  snow-fall  than  of  variable  snow 
melt  conditions  in  the  spring. 

Areal  measurements  of  snow  cover, 
obtained  by  painstakingly  measuring  areas 
of  individual  snow  patches  on  many  hundreds 
of  air  photographs,  was  very  time 
consuming . 

Only  small  sample  areas  cculd 
assessed,  and  the  periodicity  and  dates  of 
air  photograph  coverage  were  rather 
variable.  The  predictable  and  frequent 
passage  of  Landsat  5  over  all  regions  of 
the  arctic, south  of  approximately  latitude 
70,  and  the  large  areal  coverage  by  single 
digital  images  suggested  the  present 
evaluation  of  their  potential  for  residual 
snow  patch  mapping. 

The  main  thrust  of  the  present  paper 
is  therefore  to  present  a  series  of  digital 
enhancements  of  a  sample  Landsat  TM  image, 
obtained  from  the  Canadian  Centre  of  Remote 
Sensing,  as  a  geometrically  corrected, 
geocoded  MOSAICS  tape.  These  enhancements 
and  the  ensuing  classification  permitted 
discrimination  and  rapid  areal  measurement 
of  snow  patch  extent  for  a  series  of  512  x 
512  pixel  sub-scenes  of  an  image  quadrant. 
The  image  selected  for  this  analysis 
(20-17)  was  obtained  for  July  13th,  1984 
from  a  topographically  varied  tundra  region 
in  northernmost  Ungava  (figure  1),  A 
micro-computer  based  IMAVISION  image 
analysis  system  in  the  Department  of 
Geography  at  the  University  of  Montreal  was 
used  for  the  analysis. 
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Figure  1<  Location  of  field  area 


SELECTION  OF  SPECTRAL  BANDS 

Various  ccmbinations  among  the  six 
available  bands  in  the  visible,  near  red 
and  middle  IR  wavelengths  were  tried,  and 
the  best  three  band  combination  for 
discrimination  of  snow  from  other  light 
toned  zones  (cloud  cover,  alluvial  and 
beach  sands  and  gravels,  wave-washed 
bedrock)  was  found  to  be  TM  2,  4  and  5. 
Figure  2  shows  the  mean  spectral  response 
for  all  six  bands,  from  the  snow  cover, 
from  a  variety  of  other  terrain  types  and 
from  cloud  cover  noted  on  the  image.  The 
spectral  signature  for  the  snow  cover 
closely  resembles  the  spectral  reflectance 
curves  of  Choudhury  and  Chang  (1979). 


TM  1  (the  blue  band)  shows  good 
contrasts  between  snow  cover  and  the 
neighbouring  vegetation  covered  tundra,  but 
was  not  selected  on  account  of  atmospheric 
scattering  which  reduces  surface  contrasts 
in  this  wavelength.  TM  2  (the  green  band) 
also  shows  a  strong  response  for  snow 
covered  areas,  but  is  much  less  affected  by 
the  scattering  effect.  However,  confusion 
IS  possible  between  dirty  snow  patches  and 
non-vegetated  beach  'gravels  and  sands. 
Light  toned  exposed  bedrock,  such  as 
limestone  surfaces  could  potentially  reduce 
discriminability  of  snow  patches, 
especially  for  topographically  shaded 
areas. 

Cloud  cover  also  can  be  confused 
with  snow  cover  in  TM  2.  This  is  a  major 
factor,  influencing  band  selection,  some 
cloud  cover  being  present  on  practically 
all  arctic  imagery.  TM  bands  3  and  4  in 
the  red  and  near  red  IR  do  not  add  much  to 
the  discrimination  already  available  in  TM 
band  2.  They  do  potentially  permit 
discrimination  between  wet  and  dry  snow, 
however.  In  this  study  TM  band  4  was 
retained  for  classification.  The  mid-IR 
bands  TM  5  and  7  are  both  characterised  by 
low  reflectance  values  from  snow  surfaces, 
and  high  reflectance  values  from  all  other 
surfaces,  except  for  lakes  and  rivers. 
Particularly  good  discriminability  between 
snow  and  cloud  cover  was  noted  for  TM  5. 
Therefore  this  band  was  selected  as  the 
third  band  to  be  used  in  image 
classification. 


Figure  2.  Spectral  signatures  of  snow  patches  and  other  terrain  types. 
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IMAGE  ENHANCEMENT  USING  A  LINEAR  STRETCH 
CONTRAST 


Having  selected  TM  bands  2,4  and  5  for 
extraction  of  detailed  information  on  snow 
cover,  the  next  step  is  image  enhancement 
in  all  three  bands.  The  goal  of  this 
procedure  is  to  increase  efficiency  in  the 
selection  for  classification  of  training 
sites.  Because  the  original  image  has  so 
many  relatively  low  brightness  pixels, 
associated  with  non-snow  covered  areas,  the 
snow  patches  visually  appear  as  rather 
uniformly  bright,  almost  saturated,  zones. 
It  is  very  difficult  to  pick  out  contrasts 
from  the  centres  to  the  edges  of  snow 
patches.  Visual  inspection  of  histograms 
of  spectral  response  in  each  band  for  an 
entire  sub-scene  (figure  3)  enabled  a 
linear  stretch  to  carried  out  on  the  peak 
related  to  snow  cover.  This  peak  is 
stretched  out  over  a  range  of  values  from  1 
to  255,  thus  permitting  contrasts  to  be 
observed  between  pure  snow,  dirty  snow  and 
mixed  pixels  at  the  margins  of  the 
snow-banks.  These  contrasts  within  the  snow 
covered  areas,  in  fact,  lead  to  the 
bi-modal  distribution  of  reflectance  values 
shown  in  figure  4. 


a)  Histogram  TM  2 
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b)  Linear  stretch  enhancement  of  snow  signature 
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Figure  3.  Linear  stretch  enhancement  of 
snow  covered  areas. 
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Figure  4.  Brightness  values  for 
pure  and  dirty  snow. 


MAXIMUM  LIKELIHOOD  CLASSIFICATION 


The  enhanced  image  data  was  then 
enlarged  on  the  monitor  and  with  the  aid  of 
air  photographs  for  comparison  purposes,  a 
number  of  training  sites  were  selected  from 
several  snow  banks.  Each  site  comprised 
at  least  400  pixels.  First  order 
statistical  parameters,  viz,  mean  values 
and  variance,  were  obtained,  and  a  maximum 
likelihood  classification  carried  out  for 
the  entire  sub-scene.  The  total  surface 
area  of  snow  patches  was  digitally 
calculated.  The  classification  and  areal 
estimations  were  then  readily  applicable  to 
all  512  X  512  pixel  sub-scenes  of  the  TM 
image . 


CONCLUSIONS  AND  FUTURE  RESEARCH 

Snow  patch  areas  can  be  rapidly 
determined  for  treeless  regions  of  the 
arctic,  using  Landsat  TM  images  obtained  in 
mid-summer.  Enhancement,  classification 
and  areal  measurements  of  such  areas  were 
carried  out  satisfactorily  for  sample 
sub-scenes  of  a  TM  image  in  Northern 
Ongava.  The  most  suitable  three  band 
combination  for  the  analysis  was  TM  2,4  and 


Current  research  on  the  project  is 
oriented  in  two  mam  directions.  In  the 
first  place,  some  refinement  of  snow  patch 
recognition  techniques  is  necessary  for 
certain  situations.  Identification  of 
topographically  shaded  snow  patches  in 
areas  of  steep  relief  is  difficult  because 
of  much  reduced  brightness  values  in  most 
TM  bands.  Also  cloud  cover  precludes  the 
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use  of  some  areas  of  otherwise  good 
mid-summer  TM  images.  The  classification 
using  successive  512  x  512  sub-scenes 
should  permit  spatial  variability  of  snow 
cover  to  be  evaluated  for  a  given  image 
quadrant.  This  would  allow  the  deter¬ 
mination  of  minimum  areas  for  accurate 
regional  snow  cover  assessment,  thus 
reducing  the  problem  of  modest  cloud  cover 
on  the  image. 

In  the  second  place  this  analysis  of 
mid-summer  snow  cover  will  be  extended  to 
images,  located  on  a  transect  from  Melville 
Peninsula  to  Labrador.  The  results  for 
several  years  will  then  be  related  to 
winter  snow-fall  and  winter  snow  cover,  and 
also  to  various  snow  melt  parameters 
measured  at  nearby  climatic  station. 
Ultimately,  confidence  levels  will  be 
establish  for  the  relationship  between  snow 
accumulation  patterns  and  summer  snow  patch 
extent . 
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ABSTRACT 

Today,  over  10  years  after  the  operation  of  the  famous 
SEASAT  sensors  synthetic  aperture  radar  (SAR)  and  wind 
scatterometer  (SCATT) ,  the  time  has  come  for  the  next 
generation  of  such  radar  systems.  The  last  two  decades 
were  dominated  by  extensive  technological  developments 
in  order  to  ouild  spaceborne  radars.  However,  demanding 
user  requirements  on  operational  space  radars  to  be 
flown  or.  the  forthcoming  polar  platforms  are  calling 
for  a  further  increase  in  technological  capabilities. 
This  paper  discusses  technological  requirements  for 
future  civil  space  radar  programmes,  shows  present 
developments  within  the  key  technology  areas  and  ends 
up  with  recommendations  on  the  most  important  areas  of 
investigations  in  the  near  future.  This  review  is  based 
on  the  European  and  German  programmes  of  Earth 
Observation  and  Basic  Technology  Research. 

Keywords:  SAR  Technology,  microwave  scatterometer 
technology,  active  array,  CFRP  antenna,  power 
amplifier,  digital  pulse  generation,  SAR 
processing. 


INTRODUCTION 

Radar  remote  sensing  from  space  was  a  key  element  in 
international  space  programmes  for  more  than  a  decade 
now.  It  even  becomes  more  important  today  when  problems 
within  our  natural  environment  are  calling  for  global 
observations  of  environmental  effects  on  a  routine 
basis.  Spaceborne  radars,  such  as  Synthetic  Aperture 
Radars  and  Microwave  Scatterometers ,  are  viable  tools 
for  operational  observation-systems  because  they  can 
operate  night  and  day  and  usually  independent  from 
weather  conditions. 

DORNIER  was  involved  in  the  development  of  spaceborne 
radars  from  the  beginning  of  these  programmes  on  behalf 
of  the  European  Space  Agency  ESA  and  the  German 
iiiiiiaLiy  Tut  S«i,uan.ii  and  Technology  Bh'FT.  Today, 
DORNIER  is  leading  the  development  of  the  ESA  Earth 
Observation  Satellite  ERS-1  and  the  X-Band  Synthetic 
Aperture  Radar  X-SAR  for  Shuttle,  the  latter  being  a 
joint  programme  with  NASA's  Shuttle  Imaging  Radar 
SIC-C.  Furthermore,  DORNIER  will  be  responsible  for  the 
procurement  of  the  instruments  to  be  flown  on  the  first 
mission  of  the  European  Polar  Platform  PPF  and  for  the 
development  of  the  advanced  X-SAR  sensor  for  the  EOS. 


Hithin  the  framework  of  the  polar  platforms  the  status 
of  radar  remote  sensing  from  space  will  change  from 
experimental  to  operational.  This  implies  that 
versatile  radar  instruments  have  to  be  reliable  over  a 
long  lifetime  with  constant  measurement  performance.- 
They  shall  represent  modern  remote  sensing  techniques 
and  they  shall  be  flexible  enough  to  allow  the  adaption 
of  their  'operations  to  various  user  needs  by  changing 
(reprogramming)  modes  and  parameters  in  orbit.  This 
flexibility  requires  the  implementation  of  new 
techniques  and  technologies  in  the  areas  of  radar 
antennas,  power  amplifiers,  radar  pulse  generation,  and 
onboard  data  processing.  Following  this  line  DORNIER 
focused  technological  developments  to 

•  light-weight  array  antennas 

•  pulse  radar  amplifiers  and  highly  efficient  power 
conditioning  systems 

•  digital  pulse  generators 

•  onboard  real-time  SAR  processors 

All  of  these  areas  need  inovative  designs,  research  in 
new  materials,  and  Investigations  in  new  techniques  and 
processes  in  order  to  provide  light-weight  systems  with 
low  power  consumption  and  high  reliability  fulfilling 
the  demanding  space  qualification  requirements. 


ADVANCED  SYSTEMS 

The  development  of  spaceborne  radar  systems  is  in 
progress  along  the  following  lines. 

•  Preoperational/operutional  systems 

•  Experimental  systems 

On  the  one  hand  there  are  systems  to  be  flown  on 
preoperational/operational  Earth  observation 
satellites.  Although  they  aim  at  ambitious  objectives 
from  a  technological  point  of  view,  one  can  consider 
them  to  be  relatively  conventional  from  a  conceptual 
and  scientific  point  of  view.  Radars  of  this  type  will 
be  flown  on  the  ESA  remote  sensing  satellite  ERS-1,  the 
Canadian  RADARSAT,  the  Japanese  satellite  JERS-1  etc.. 

Advantages  of  such  systems  are  their  long  term 
operational  capabilities  and  their  world-wide 
availability  for  practical  use  in  the  near  future. 
Apart  from  the  100  days  mission  of  SEASAT  in  1978  there 
has  not  been  any  such  opportunity  yet. 
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On  the  other  hand,  experimental  systems  have  been  (and 
will  be)  developed  and  operated,  which  serve  to  promote 
the  basic  knowledge  of  microwave  remote  sensing,  sensor 
capabilities  and  system  aspects.  The  most  prominent 
projects  of  this  type  in  the  past  were  the  Shuttle 
Imaging  Radar  systems  SIR-A  and  SIR-B  and  in  the  near 
future  it  will  be  the  first  multi frequency  SAR  system 
in  space,  the  SIR-C/X-SAR  mission  being  a  joint  effort 
of  the  Jet  Propulsion  Laboratory  and  Cornier.  Sensors 
of  this  type  are  forerunners  of  the  next  generation  of 
space  radars.  The  user  requirements  on  such  advanced 
imaging  radars  (SARs)  are  developing  towards 
raultifrequency ,  dual-polarization,  and  flexibility 
(high  resolution/medium  swath  vs.  medium 
resolution/wide  swath) . 

Future  requirements  on  advanced  microwave 
scatterometers  are  mainly  concerning  measurement 
sensitivity  and  stability  at  reduced  levels  of  primary 
power. 

The  next  application  opportunities  for  these  advanced 
sensors  are  the  polar  platforms  to  be  launched  at  the 
end  of  this  century.  The  technological  competition 
towards  them  has  already  been  started. 


ANTENMAS 

Spaceborne  radar  sensors  like  Synthetic  Aperture 
Radars  and  Microwave  Scatterometers  typically  need 
very  large  array  antennas.  Two  different  technologies 
are  presently  in  use: 

•  Hicrostrip  patch  arrays 

•  Slotted  waveguide  arrays 

The  9.40m  x  2.10m  SAR  antenna  of  SEASAT  was  a 
microstrip  patch  array  for  L-Band.  Due  to  the 
relatively  high  feeding  losses  of  this  antenna  type, 
which  even  increase  with  frequency,  ESA  decided  in  1980 
to  realize  the  ERS-1  C-band  SAR  antenna  (Fig.  1)  as  a 
slotted  waveguide  array.  Because  of  the  high  mass  and 
the  unsatisfying  thermal  stability  of  such  an  antenna 
made  from  aluminium,  topper  or  brass,  the  novel 
technology  of  metallized  carbon  fibre  reinforced 
plastics  (CFRP)  was  used.  Today,  this  new  technology  is 
established  within  the  ER3-1  programme;  the  electrical 
performance  is  as  high  as  for  metal  antennas,  the 
weight  is  about  1/3  and  the  thermal  stability  and  the 
stiffness  is  very  high.  This  success  led  to  the 
decision  to  apply  this  new  technology  within  the  German 


Fig.  I:  The  ER.S-I  SAR  Jn''cnna  development  model 
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Shuttle  X-band  SAR  (X-SAR) .  Fig.  2  shows  a  breadboard 
of  an  X-band  SAR  antenna  panel.  The  X-SAR  is  the  German 
contribution  to  NASA's  Spaceborne  Radar  Lab  (SRL) 
operating  in  3  frequencies  (L-,  C-  and  X-band)  with  two 
polarizations  for  L-  and  C-band.  The  L-  and  C-band 
channels  of  the  SRL  are  using  active  phased  array 
antennas  with  distributed  solid  state  amplifiers.  The 
radiating  surface  is  a  microstrip  patch  structure.  Tnis 
antenna  represents  the  next  step  into  the  technological 
future  of  spaceborne  radar  antennas  being  the 
distributed  amplifiers  phased  array  technology.  Feeding 
of  this  antenna  is  performed  on  low  signal  level.  Many 
solid  state  amplifiers  at  the  rear  sides  of  the 
electrical  subpanels  provide  the  required  peak  power, 
and  phase  shifters  within  these  amplifiers  allow  the 
steering  of  the  antenna  beam.  Switches  select  the 
required  polarization.  This  active  array  of  SIR-C  is 
still  a  high-mass-solution  and  the  structural  and 
thermal  problems  are  evident.  This  is  acceptable  for  a 
Shuttle  experiment,  however,  additional  innovations  are 
needed  in  order  to  lower  the  mass  and  to  solve  thermal 
problems  before  such  an  antenna  can  be  applied  to  an 
operational  SAR  like  the  Facility-SAR  on  EOS. 

Microwave  Scatterometers  require  a  high  accuracy  and 
stability  of  the  electrical  parameters,  because  of  the 
very  high  sensitivity  of  the  wind  data  extraction 
algorithms  in  terms  of  radiometric  performance.  CFRP 
slotted  waveguide  antennas  meet  these  requirements, 
whereas  in-flight  stability  and  calibration  of  active 
phased  arrays  are  still  facing  problems  and  hence  there 
are  some  doubts  whether  active  arrays  are  presently 
able  to  meet  these  requirements.  Therefore  it  .makes 
sense  to  stay  with  CFRP  slotted  waveguide  arrays  for 
the  next  generation  of  microwave  scatterometers. 

In  order  to  solve  some  of  the  essential  problems 
associated  with  the  active  array  technology  ESA  stated 
a  development  programme  in  1987.  These  first 
investigations  covered  breadboarding  of  the  basic 
functions  in  conventional  technology  in  order  to  prove 
the  functionality  of  the  intended  operational  modes 
(widc-beam  transmitting,  dual-beam  receiving, 
receive-scanning)  .■  The  transfer  to  space-qualified 
units  will  begin  this  year.  In  view  of  ESA's  advanced 
C-band  SAR  this  development  deals  with  the  C-band 
technology. 

In  Germany  an  active  array  is  needed  for  the  X-SAR 
follow-on  project,  the  XEOS,  a  possible  German 
contribution  to  NASA's  FACILITY  SAR.  This  is  an  X-band 
radar  and  hence  an  X-band  active  array  technology 
programme  will  likely  be  started  within  this  year  in 
Germany. 


POWER  AMPLIFIER 

The  discussions  on  the  optimum  antenna  concept  are 
directly  related  to  the  investigations  into  the 
technology  of  high  microwave  power  generators  for 
pulsed  radars,  which  allow  to  maintain  the  signal 
coherency,  'up  to  now,  mainly  travelling  wave  tube 
amplifiers  (TWTAs)  have  been  used.  In  Germany,  on 
behalf  of  the  Federal  Ministry  for  Research  and 
Technology,  Cornier  and  AEG  develop  sd  space  qualified 
high  power  TWTAs  for  C-  and  X-band  in  order  to  serve 
the  ERS-1  Active  Microwave  Instruientation  (AMI), 
operating  in  SAR  and  SCATT  mode,  and  tha  X-SAJl.  An 
application  of  such  an  TWTA  to  the  Canadian  RADARSAT  is 
also  under  consideration.  The  technological  challenge 
within  these  developments  was  to  achieve  a  high 
electrical  efficiency,  low  mass,  and,  at  the  same  time, 
to  solve  the  essential  problems  concerning  thermal 
dissipation  and  high  voltage/power  discharge  under 
space  environmental  conditions. 


However,  as  briefly  indicated  before,  the  next 
generation  of  spaceborne  radar  antennas,  the 
distributed  amplifiers  phased  arrays,  are  initating  the 
new  technology  of  high  power  solid  state  pulse 
amplifiers.  These  amplifiers  (a  breadboard  is  shown  in 
fig.  3)  are  designed  as  moduls  with  an  output  power  in 
the  order  of  10  -  20  Watts.  Located  on  the  rear  side  of 
large  planar  arrays  they  typically  feed  small  antenna 
subarrays  or  even  single  radiating  elements.  Problems 
to  be  solved  in  this  development  are  mainly  concerned 
with  electrical  efficiency,  thermal  dissipation, 
radiation  hardness,  lifetime,  phase  and  amplitude 
stability,  and  mass. 


PULSE  GENERATION 

High  bandwidth  phase  coded  radar  pulses  today  are 
mainly  generated  by  surface  acoustic  wave  devices. 
Typical  values  of  rf-bandwidth  are  10  -  30  MHz.  In  some 
applications  (e.g.  radar  altimeters)  even  400  MHz  are 
obtained  by  special  signal  processing  techniques.  In 
case  of  modern  radar  systems  adaptive  pulse  phase 
coding  is  required.  This  means,  that  it  must  be 
possible  to  change  the  bandwidth,  the  compression 
ratio,  the  phase  slope,  and  the  amplitude  slope  of  the 
pulse  by  commands.  This  allows  to  adapt  the  spatial 
resolution  of  the  radar  to  various  users'  needs. 
This  requires  either  series  of  surface  acoustic  wave 
devices  or  a  programmable  digitial  chirp  generator 
(DCG).  Intensive  developments  of  DCGs  are  presently 
ongoing  in  Europe  and  in  the  US.  Bandwidths  of  more 
than  100  MHz  have  already  been  obtained  in  experimental 
systems , 


ONBOARD  DATA  PROCESSING 

High-speed  real-time  onboard  radar  data  processing  is 
required  in  operational  systems  in  order  to  lower  the 
data  transmission  rate.  Radar  altimeters  need 
processing  of  signals  of  300  -  400  MHz  bandwidth  and 
Synthetic  Aperture  Radars  provide  data  streams  of  100 
Mbps  and  more  which  should  be  processed  in  real-time. 
The  operations  baseline  of  today's  systems  is  the 
processing  of  radar  altimeter  data  onboard  and  SAR  data 
on  ground.  In  future  the  planned  operation  of  several 
SAR  modes  in  parallel  (e.g.  4  polarizations,  3 
frequencies)  drastically  increases  the  overall  data 
rate  (>  500  Mbps) .  This  is  beyond  the  capacity  of 
existing  downlink  channels  and  therefore  either  a 
limited  number  of  channels  have  to  be  selected  for 
transmission  o:  the  SAR  data  must  be  processed  onboard 
into  raultilook  images  providing  a  significant  reduction 
in  data  transmission  rate.  Dornier  has  developed  a 
real-time  SAR  pipeline  processor,  presently  being  used 
as  quick-look  processor  on  ground.  Its  design  was 
selected  towards  a  possible  application  onboard  future 
advanced  space  SARs  considering  low  power  consumption, 
low  mass,  and  low  volume. 


OUTLOOK 

Operational  radar  rpmote  sonaino  from  «nare  will  be  e 
key  element  in  Earth  monitoring  at  the  turn  of  the 
century.  Even  the  remotest  areas  on  Earth,  most 
inaccessible  tr  man,  will  be  surveyed  on  a  routine 
basis,  independent  of  daylight  or  cloud  covur.  Users 
from  different  scientific  disciplines,  such  as  geology, 
oceanography,  hydrology,  cartography,  vegetation 
science  and  many  others,  require  demanding  measurement 
accuracy  leading  to  the  application  of  sophisticated 
technologies.  Industry  is  going  to  take  this  challenge. 
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Abstract 

Under  contract  to  the  Earth  Observation  Preparatory 
Programme  of  the  European  Space  Agency  a  multimission 
and  programme  aspect  study  has  been  performed  for  the 
two  European  Polar  Platform  concepts  currently  under 
study  in  the  Columbus  programme. 

For  these  two  different  platform  concepts  various 
potential  payload  complements  comprising  in  total  more 
than  25  different  instruments  have  been  accommodated 
in  order  to  prove  the  multiraission  capability  of  both 
platforms,  making  use  of  commonality  either  to  the 
other  Columbus  elements  or  to  the  SPOT  programme.  The 
payload  complements  are  built  up  by  an  operational 
instrument  package  for  meteorological  applications,  by 
so  called  core  facility  instruments  for  Earth  obser¬ 
vation,  by  Announcement  of  Opportunity  (A.O.)  and 
space  science  instruments.  The  payload  complements 
have  been  seen  as  typical  examples  for  ocean/meteoro- 
logical/c’ imate  missions  and  for  land  missions  to 
cover  at  least  four  missions  of  the  Polar  Platform, 
Both  platform  concepts  could  demonstrate  in  principle 
their  flexibility  to  accommodate  the  required  payload 
complements.  Different  payload  nodule  capabilities  as 
well  as  the  different  flight  orientation  of  both  plat¬ 
forms  and  dissimilar  payload  accommodation  principles 
resulted  in  two  distinct  payload  module  solutions. 

As  a  further  major  study  result,  the  importance  of 
physical  and  functional  platform  modularity  could  be 
substantiated  with  special  attention  to  the  AIV  pro¬ 
gramme  under  multimission  aspects. 


1.  INTRODUCTION 

In  parallel  to  the  C-Zero  system  studies  for  the  Euro¬ 
pean  Columbus  Polar  Platform  (Jenkin,  R.  et  al.,  1989; 
Cornet,  J.  et  al.,  1989},  a  iiiultimission  and  programme 
aspects  study  has  been  conducted  by  the  Earth  Observa¬ 
tion  Preparatory  Programme  to  prove  the  multiraission 
capability  of  the  proposed  platform  -oncepts  and  tc 
support  the  consolidation  of  mission  and  system 
requirements  (Benz,  R.  et  al.,  April  1989).  This 
reflects  that  the  Columbus  programme  aims  at  develop¬ 
ing  a  single  Polar  Platform,  while  the  Earth  Observa¬ 
tion  Programme  considers  a  series  of  several  iiiissjons 
based  on  recurrent  models  of  this  platform.  The  pre¬ 
sented  study  has  recently  run  into  a  mission  phase  A 
system  study  whicli  includes  the  design  of  the  core 
core  facility  instruments  in  order  to  achieve  finally 


a  consistent  and  reliable  payload  complement  defi¬ 
nition. 


2.  MISSION  ASPECTS 

The  European  Polar  Platform  missions  shall  continuous¬ 
ly  provide  a  vide  multidisciplinary  community  with 
synoptic  and  coherent  data  on  global  and  local  scale, 
ranging  from  fully  operational  applications  foi  meteo¬ 
rological  services  with  rather  short  timescale  res¬ 
ponse  requirements  to  purely  scientific  objectives. 
Consequently  the  payload  complements  consist  of  opera¬ 
tional  instruments,  developed  and  funded  by  operation¬ 
al  agencies  like  NOAA  and  EUMETSAT,  core  instruments, 
developed  and  funded  by  ESA  and,  last  but  not  least, 
of  space  science  and  A.O.  instruments  funded  either  by 
ESA  or  national  agencies.  The  total  number  of  instru¬ 
ments  which  can  be  flown  in  each  mission,  is  about  12 
to  IS,  dependent  on  the  selected  platform  concept. 

The  payload  complements  comprise  optical,  microwave, 
particle  and  field  instruments  as  well  as  a  direct 
broadcast  package  for  the  operational  applications. 
Consequently,  field  of  view,  sun  illumination,  point¬ 
ing  accuracy  and  stability,  EMC,  thermal  control, 
commanding  and  control,  and  other  requirements  had  to 
be  studied  and  optimized  carefully,  in  order  to 
achieve  an  acceptable  compromise  for  all  instruments, 
without  driving  the  platform  capabilities  unnecessari¬ 
ly  (see  Benz,  R,  et  al.,  Jan.  1989). 

In  particular,  orbit  requirements  have  been  deduced 
from  various,  partly  diverging  instrument  require¬ 
ments,  resulting  in  a  sunsynuhronous ,  near  polar  orbit 
of  an  altitude  between  700  and  850  km,  with  global 
coverage  for  operational  instruments  for  latitudes 
above  about  AO',  suitable  ground  track  pattern,  and  a 
nodal  crossing  time  with  acceptable  solar  illumination 
conditions  for  the  optical  instruments.  It  is  evident 
that  the  currently  chosen  nominal  orbit  parameters,  as 
presented  in  Tab,  1,  could  only  be  a  compromise  and 
cpti > 

E.g,,  the  chosen  altitude  was  mainly  requested  by  the 
operational  instruments,  which  would  fly  even  higher. 
Other  orbit  parameters,  e.g.  lower  orbit  altitude  of 
about  762  km  or  later  nodal  crossing  time  will  become 
possible  for  the  land  missions  in  the  parallel  mission 
scenario  because  of  the  absence  of  the  operational 
instrument  package. 


Sunsynchronous ,  near  polar  orbit 


Instrxunents 


Altituda  82A  kra 

Inclination  98.7“ 

Argument  of  perigee  50* 

Local  time  {descending  node)  9.5  h 

Duration  of  repeat  cycle  1^  days 

Nodal  period  101.3  min 


Tab.  1:  Current  Nominal  Orbit  Parameters 

Two  different  mission  scenarios  have  been  defined  for 
the  two  platform  concepts:  The  interleaved  scenario 
has  been  applied  to  the  larger  platform  option  A, 
while  the  platform  option  B  is  foreseen  for  the 
parallel  mission  scenario.  This  is  not  a  necessary, 
but  a  realistic  consequence  of  the  smaller  payload 
mass  capacity  of  option  B.  The  launch  sequence  of  both 
mission  scenarios  is  given  by  Fig.  1. 

Under  the  given  programmatic  constraints ,  both  mission 
scenarios  offer  a  very  similar  applicational  and 
scientific  benefit.  However,  operational  continuity  of 
the  meteorological  instrument  package  seems  more 
critical  in  the  parallel  scenario  in  case  of  a  launch 
or  early  operation  failure. 


Fig.  1:  Alternative  Mission  Scenarios 


3.  PAYLOAD  COMPLEMENT  BUDGETS 

For  each  platform  concept  a  set  of  5  payload  comple¬ 
ments  has  been  defined  (see  Tab.  2).  The  payload  com¬ 
plements  for  the  first  missions  are  typical  for 
ocean/meteo/climate  purposes,  while  the  complements 
for  the  second  missions  are  typical  for  land  applica¬ 
tions.  The  operational  continuity  for  the  meteorolo¬ 
gical  applications  must  be  guaranteed  with  one  mission 
type  in  case  of  the  parallel  scenario.  Consequently 
the  operational  instrument  package  is  not  required  in 
the  option  B  land  missions.  Besides  that,  for  the 
larger  option  A  platform  the  rule  2  of  3  has  been 
applied  for  the  core  instruments,  which  means  that  2 
of  the  3  instruments  SAR,  ATLID  and  MIMR  must  be  acco¬ 
mmodated  in  each  ocean/meteo/climate  mission.  For 
option  B  the  rule  1  of  3  has  been  applied  accordingly. 

Tab.  3  demonstrates  that  Doth  platform  concepts 
provide  sufficient  margin  to  carry  all  the  payload 
complements  from  mass  point  of  view,  including  the 
e/.'trb  mass  for  interface  hardware,  as  support  panels 
or  even  complex  deployment  mechanisms. 

For  payload  power  consumption  and  data  rates  the  situ¬ 
ation  is  more  complex,  because  realistic  operational 
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11 

B 

X 

X 

X 

X 

X 

X 

X 

FPI 

9 

a 

B 

X 

X 

X 

X 

X 

X 

X 

A. 0. Instruments 

a 

9 

B 

B 

B 

B 

X 

X 

B 

B 

PDHT 

■ 

3 

B 

B 

B 

B 

B 

X 

B 

B 

1  :  ocean/meteo/climate  missions 

2  ;  land  missions 

*  :  may  not  be  accommodated  in  option  B 

a,b,c:  mission  options 

Tab.  2:  Payload  Complement  Options 


scenarios  have  to  be  taken  into  consideration.  With 
dedicated  operational  requirements  for  each  instrument 
modelled  according  to  their  zones  of  interest  (see 
Tab,  4)  and  two  different  realtime  transmission 
scenarios,  power  timelines  have  been  established.  The 
first  transmission  option  assumed  that  instruments 
with  data  rates  >3  Mbps  are  operated  only  during  ESA 
station  contact,  while  the  second  scenario  assumed 
realtime  operation  during  contact  with  the  two  DRS 
satellites,  resulting  in  significantly  different 
instrument  duty  cycles  (see  Tab.  5).  The  two  realtime 
transmission  scenarios  must  be  seen  as  extreme  examp¬ 
les  for  duty  cycles  of  high  data  rate  instruments, 
allowing  for  further  optimization  to  achieve  the  final 
payload  operations  scenario.  E.g.  operating  a  SAR 
instrument  about  38  %  in  image  mode  or  science  instru¬ 
ments  more  than  40  %  of  the  orbit  seem  to  be  unneces¬ 
sarily  high  and  could  be  optimized  further.  All  in¬ 
struments  not  mentioned  in  Tab.  5  operate  continuous¬ 
ly.  Their  data  are  recorded  on  board  and  dumped  to 
Earth  during  ground  contact  with  Kiruna  or  an  other 
ESA  station. 

The  resulting  payload  power  consumption,  as  summarized 
in  Tab.,  6,  is  relatively  high  for  both  platform  con¬ 
cepts  and  both  transmission  scenarios  compared  to  the 
given  requirement.  While  the  marginal  power  consump¬ 
tion,  in  particular  during  eclipse  phases,  can  likely 
be  solved  by  tailored  payload  operations  without 
limiting  the  user  needs  in  fact,  the  high  peak  power 
can  hardly  by  solved  by  modified  operations.  Here  the 
platform  capabilities  should  be  improved  appropri¬ 
ately. 
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P«ylo4d 

Cc*7le"ient 

H«S9 

Option  A 

la  lb  Ic  2a  2b 

Option  8 

la  lb  Ic  2a  2b 

Ntt  Instru»«nt 

Mist 

1623  1873  1823  2035  22^5 

1265  1315  1515  1508  1768 

Mtchtnicil  Interface 
Mass  (kg/ 

2*7  253  300  22*  2** 

185  166  168  150  163 

Cross  Payload 

Mass  (kg) 

1870  2126  2123  2259  2*89 

1450  1481  1683  1658  1931 

I’], 2  2«.l  2«.l  19.3  11.1 

Kargin  [X)  ' 

27.5  26.0  15.9  17.1  3.5 

Kodj.e  '  ..SCO 

Capability  (Kg) 

2000 

Tab.  3:  Payload  Complements  Mass  Budgets 


Zones  of 
Interest 

Instrument 

Remarks 

Continuously 

NOAA  package. 

Operating 

ALT,  ATLID,  FPI, 
LISA2,  MIMR,  SEM 

Ocean 

SAR 

wave  mode 

Scatt 

1  of  6  antennas,  rain, 
duration  >180  min 

Coast 

HRISi) 

only  during  day 

SARI) 

image  mode 

Land 

HRIS>) 

only  during  day 

HRTIR‘) 

only  during  day 

SARI) 

image  mode 

SARA") 

image  mode 

VHROI>) 

only  during  day 

Ice 

HRTIR') 

only  during  day 

SARI) 

image  mode 

Altitude 

AURIO>) 

high  mode,  else  low 

Bands 

GEM‘) 

PAF 

mode 

Day 

MERIS') 

(')  only  operated  under  realtime  transmission] 


Tab.  4:  Instrument  Zones  of  Interest 


ESA  Stations 

DRS  Coverage 

Day 

Night 

Total 

Day 

Night 

Total 

MERIS 

2.5 

2.5 

25.2 

- 

25.2 

SAR  IMAGE 

5.7 

1.3 

7.0 

30.7 

8.2 

38.9 

SCIENCE 

6.0 

0.1 

6.1 

37.1 

5.1 

42.2 

HRIS 

3.3 

- 

3.3 

14.9 

- 

14.9 

HRTIR 

3.4 

- 

3.4 

19.8 

- 

19.8 

SARA 

2.7 

0.9 

3.6 

16.2 

6.3 

22.5 

VHROI 

3.2 

- 

3.2 

14.8 

- 

14.8 

Tab.  5:  Duty  Cycles  for  Intermittently 

Operating  Instruments  (in  percent) 

Significant  differences  between  the  ocean/meteo/cli- 
mate  missions  and  the  land  missions  became  apparent 
for  the  data  rates.  While  the  first  mission  type 
requires  about  2  x  100  Mbps,  the  land  missions  demand 
for  more  than  4  x  ICO  Mbps.,  This  indicates  again  the 


ESA  Stations  C 

overage 

DRS  Coverage 

■ 

Day 

Night 

Orbit 

Aver. 

Day 

Night 

Orbit 

Aver. 

■ 

(W) 

(W) 

(W) 

(W) 

(W) 

(W) 

Bi 

1617 

2586 

2607 

2792 

2644 

2748 

i&l 

2766 

2717 

2751 

3278 

2994 

3193 

2196 

2147 

2181 

2708 

2424 

2623 

A2a 

2124 

2037 

2098 

2644 

2369 

2562 

A2b 

2270 

2191 

2246 

2760 

2523 

2690 

Bla 

1475 

1467 

1473 

1519 

1484 

1509 

Bib 

2045 

2036 

2042 

2089 

2054 

2079 

Blc 

1624 

1598 

1616 

2006 

1833 

1954 

B2a 

1353 

1288 

1334 

1892 

1620 

1811 

B2b 

1641 

1592 

1626 

2117 

1924 

2059 

(Actual  System  Requirement:  Day  2700  W,  Night  2300  W) 


Tab.  6:  Payload  Compl  ments  Net  Power  Consumption 
(averaged  over  15  orbits) 

need  to  optimize  the  payload  composition  and  the 
operation  scenario  further  to  achieve  a  suitable 
balance  between  user  needs  and  realistic  platform 
capabilities. 


4.  PLATFORM  CONCEPTS  AND  PAYLOAD  ACCOMMODATION 

A  brief  comparison  of  both  platform  concepts  under 
payload  aspects  is  given  in  Tab.  7.  Distinct  varia¬ 
tions  in  payload  accommodation  are  caused  by  the 
different  flight  orientation  of  the  platforms.  While 
option  A  is  oric-ted  in  the  flight  direction,  option  B 
flies  transversal,  which  eases  the  accommodation  of 
the  solar  array  and  of  critical  instruments,  in  parti¬ 
cular  SAR  and  MIMR.  Consequently  the  effort  for 
instrument  deployment  is  larger  for  option  A.  Another 
important  difference  is  the  accommodation  of  the  pay- 
load  electronics.  While  in  option  A  all  electronic 
units  are  attached  to  the  outside  of  the  payload 
carrier  structure,  with  substantial  advantages  for  the 
instrument  integration,  option  B  houses  the  instrument 
electronics  togetlier  with  the  mission  peculiar  payload 
support  functions  in  the  payload  equipment  bay.  In 
summary  a  proper  accommodation  of  all  required  payload 
complements  could  be  demonstrated.  Some  critical  ther¬ 
mal  control  and  EMC  aspects  seem  to  be  solvable  during 
the  subsequent  detailed  design  phases,.  Fig.  2  and  3 
illustrate  the  configurational  characteristics  of  both 
platform  concepts  with  a  typical  payload  complement 
for  each  version. 


5.  FUNCTIONAL  PLATFORM  MODULARITY 

The  two  platform  options  offer  an  interesting  distinct 
approach  in  their  fundamental  modularity  concept  to 
solve  the  multimission  capability  requirements. 
Option  A  is  based  on  the  philosophy  of  a  generic  bus. 
This  means  that  all  necessary  functions,  even  payload 
dedicated,  mission  peculiar  functions  belong  physi¬ 
cally  and  functionally  to  the  utility  module.  These 
functions  must  be  capable  fcr  ail  .missions  foreseen 
with  the  platform,  to  benefit  as  much  as  possible  from 
the  cost  advantage  of  recurring  hardware.  Some  over- 
design,  in  particular  for  the  first  mission  and  rigid 
instrument  design  requirements  are  a  natural  conse¬ 
quence.  Option  B  added  between  the  utility  and  the 
payload  module  a  third  module,  the  payload  equipment 
bay,  comprising  all  mission  peculiar  hardware.  Conse¬ 
quently  the  utility  module  is  a  totally  recurring  item 
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Option  A 

Option  B 

Instrument  Hass 
(incl.  I/F  H/W) 

2800  kg 

2000  kg 

Instrument  Power 

Average 

2700  W» 

2600  H 

Day 

Night 

2700  HI 

2600  H 

2300  H> 

2600  H 

Peak 

3200  H 

- 

Pointing  Accuracy 

<  0.1»  (2o) 

<  0.05»  (3o)» 

Pointing  Stabi¬ 
lity 

<  0.00065  s-» 

Data  Rates 

x-Bd  to  ground 

A  X  100  Mbps! 

2  X  100  Mbps 

Ka-Bd  to  DRS 

A  X  100  Mbps’ 

2  X  100  Mbps 

Data  Record.  Cap. 

2  X  30  Gbit 

2  X  30  Gbit 

*)  Design  to  actual  System  Requirement! 
’)  With  star  trackers; 

’)  Direct  broadcast  not  included 


Tab.  7:  Comparison  of  Payload  Relevant  Platform 
Characteristics 

and  restricted  to  real  fundamental  functions.  It  does 
not  provide  payload  control  functions,  payload  power 
distribution,  payload  data  handling  and  transmission 
because  these  functions  are  mission  peculiar,  and 
therefore  consequently  part  of  the  payload  equipment 
bay.  It  is  important  to  stress  here  that  the  separa¬ 
tion  of  these  mission  peculiar  functions  from  the 
basic  generic  functions  is  necessarily  a  physical  and 
functional  separation  in  order  to  achieve  simple 
interfaces.  The  payload  controller  may  serve  as  one 
typical  example  to  substantiate  this  functions  separa¬ 
tion  requirement!  Separation  of  the  payload  control 
computer  only  func-ionally  but  not  physically  from  the 
main  computer,  which  is  possible  also  in  a  generic  bus 
concept,  will  cause  enormous  effort  in  the  AIV  pro¬ 
gramme  on  UM  and  PK  level  to  simulate  the  very  complex 
module  interface.  In  case  of  a  physical  and  functional 
separation  of  the  master  and  the  payload  controller 
the  functional  complexity  of  the  interface  is  very 
much  reduced.  Consequently  parallel  and  separate  inte¬ 
gration  of  both  modules  is  eased,  which  is  considered 
mandatory  for  a  system  of  such  complexity.  Similar 
arguments  apply  to  payload  data  handling  and  trans¬ 
mission  as  well  as  to  payload  power  distribution. 
Therefore  a  physical  and  functional  separation  of 
generic  utility  module  functions  from  mission  peculiar 
functions  are  seen  as  an  essential  requirement  for  the 
Columbus  Polar  Platform. 


6.  CONCLUSIONS 

Based  on  a  detailed  mission  analysis,  the  current  set 
of  nominal  mission  and  orbit  requirements  could  be 
confirmed  as  an  acceptable  compromise,  Both  platform 
concepts  are  capable  to  carry  the  required  sets  of 
payload  complements  and  thus  demonstrated  their  basic 
multimission  capability.  Both  platforms  offer  enough 
margin  to  accommodate  the  payload  complements  from  a 
mass  and  volume  point  of  view,  while  payload  power  and 
data  handling  are  more  critical.  Further  optimization 
payload  on  operations  seems  necessary,  in  particular 
if  realtime  transmission  via  DRS  will  be  used  exten¬ 
sively.  Nevertheless  the  resulting  instrument  duty 


cycles  will  in  fact  not  challenge  the  user  require¬ 
ments  . 

The  payload  accommodation  exercise,  performed  in 
parallel  to  the  Polar  Platform  spacecraft  design 
studies  substantiated  the  flexibility  of  both  con¬ 
cepts,  although  basic  different  design  features,  like 
S/C  flight  orientation,  resulted  in  distinct  payload 
module  configurations.  Sensor  and  cooler  field  of  view 
requirements  can  be  met  adequately,  thermal  require¬ 
ments  need  more  detailed  evaluation  but  could  not  be 
seen  as  critical.  The  EMC  payload  requirements  can  be 
met  as  well,  given  some  modifications  (frequency 
change,  filtering)  can  be  accepted  by  the  concerned 
instruments.  Flying  transversal  to  the  flight  vector 
obviously  eased  the  accommodation  of  several  instru¬ 
ments. 

Physical  and  functional  separation  of  the  utility 
module  from  the  payload  module  is  an  essential  charac¬ 
teristic  of  a  raultimission  spacecraft  and  consequently 
a  requirement  to  be  applied  to  both  platform  concepts. 
This  is  also  confirmed  by  ERS-1  experience. 


7.  GLOSBARY 

ALT  Radar  Altimeter 

AMRIR  Adv.  Medium  Resolution  Imaging  Radiometer 

AF;SU  Advanced  Microwave  Sounding  Unit 

A.O.  Announcement  of  Opportunity 

ARGOS  Data  Collection  &  Localisation  System 

ATLID  Atmospheric  LIDAR 

AURIO  Auroral  Imaging  Observatory 

DB  Direct  Broadcast 

DRS  Data  Relay  Satellite 

ERBI  Earth  Radiation  Budget  Instrument 

ERS  ESA  Remote  Sensing  Satellite 

FPI  Fabry  Perot  Interferometer 

GEM  Global  Electrodynamics  Monitor 

HRIS  High  Resolution  Imaging  Spectrometer 

HRTIR  High  Resolution  Thermal  Infrared  Radiometer 

LISA  Limb  Sounder  for  the  Atmosphere 

MERIS  Medium  Resolution  Imaging  Radiometer 

MIMR  Multifrequency  Imaging  Microwave  Radiometer 

PAF  Particles  and  Field 

PDHT  Payload  Data  Handling  and  Transmission 

PEB  Payload  Equipment  Bay 

PM  Payload  Module 

SAR  Synthetic  Aperture  Radar 

SARA  Advanced  Synthetic  Aperture  Radar 

SCATT  Hind  Scatterometer 

SEM  Space  Environment  Monitor 

UM  Utility  Module 

VHROI  Very  High  Resolution  Optical  Imager 
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ui’(;rade  to  the  Australian  centre  for  remote  sensinc 

A  TOTAL  GROUND  STATION  SOLUTION 


Jim  Fricdel 
MacDonald  Deltniler 
13800  Commerce  Parkway 
Richmond,  B.C.,  Canada  V6V  2J3 
Tel:  (<04)278.3411  -  Telex:  04.355599 .  Fax:  (604)278.0531 

Carl  McMaster 

Ausiralian  Cenire  for  Remote  Sencln); 

P.O.  Box  28.  Belconnen.  ACT  2616 
Tel:  (062)52  4111 .  Telex:  6I5I0 .  Fax:  (062)516326 


ABSTRACI 

Tlie  upgrade  to  (he  Ausiralian  Cenire  for  Remote  Sensing  ( ACRF.S) 
provides  total  capabilities  for  (lie  recording  and  processing  of  Landsal 
Tliematlc  Mapper  (TM),SPOT  Haute  Resolulinn  Visible  (HRV)  and 
National  Oceanic  and  Atmospheric  Adminisiralion  (NOAA)  Advanced 
Very  High  Resolution  Radiometer  ( AVHRR)  sensor  data,  as  ssell  as  user 
interfaces  and  production  control. 

The  upgrade  is  comprised  of  two  sites:  a  Data  Acquisition  Facility  IDAF) 
and  a  Data  Processing  Facility  (OPF).  The  DAF  has  the  facilities  for 
recording  TM,  SPOT  and  AVHRR  data  as  ssell  as  for  quick  processing 
and  transmission  of  imagery  sia  a  micrcwave  link.  The  DPF  has  facilities 
for  order  entry  and  processing,  production  control,  image  processing  and 
analysis,  catalogue  update  and  inquiry  and  accounting. 

The  upgrade  system  produces  a  sside  variety  of  high  quaiity  Computer. 
Compatible  Tape  (CCT)  and  film  products  ranging  from  rass'  to  geocoded 
ssith  subpixel  accuracy. 

The  anticipated  effect  of  the  expanded  range  of  products  and  services  in 
the  Australian  user  community  is  described. 


1.0  INTRODUCTION 

The  Australian  Government’s  principal  agency  for  the  reception, 
distribution  and  processing  of  satellite  remote  sensing  data  is  the 
Australian  Centre  for  Remote  Sensing  (ACRF.SI.  The  Cenire  was 
originally  established  as  the  Australian  Landsat  Station  under  the 
Department  of  Science  &  Technology  in  1980,  but  is  now  part  of  the 
Australian  Surveying  and  Land  Information  Group  within  the 
Department  of  Administrative  Services. 

ACRES  has  routinely  received  LANDSAT  Multi  Spectral  Scanner  (MSS) 
data  at  its  antenna  facility  in  Alice  Springs  since  1980.  This  site  enables 
data  reception  over  the  total  Australian  continent  and  parts  of  Indonesia 
and  Papua.  New  Guinea.  High  Density  Digital  Tapes  (HDDTs)  are  air. 
freighted  to  ACRES  Canberra  daily,  for  cataloguing  and  archiving  on  the 
MSS  system  which  is  based  on  Perkin  Elmer  (Concurrent)  processors. 

The  MSS  reception  facility  in  Alice  Springs  and  the  processing  equipment 
in  Canberra  were  built  and  installed  by  MacDonald  Dellwiler. 

In  1986  a  collaborative  project  between  ACRES,  the  Commonwealth 
.Scientific  and  Industrial  Research  Organization  (CSIRO)  and  the 
Australian  Mineral  Industries  Research  Association  ( AMIRA),  established 
a  low.cost  temporary  modification  to  the  Alice  Springs  facility  enabling 
the  reception  of  Landsat  Thematic  Mapper  (TM)  data  and  processing  to 
Computer  Compatible  Tape.  This  minimally  processed  product  has 
'•isficd  tile  immediate  demand  for  TM  data  from  the  experienced  users. 


Another  modification  organized  by  the  CSIRO  and  .sourced  from 
Australian  suppliers  has  provided  a  Marine  Observation  Salellite 
(MOS.l)  reception  and  minimal  data  processing  capability  at  ACRES. 
Alice  Springs. 

Following  a  competitive  tendering  process,  a  contract  was  let  to 
MacDonald  Deltwiler  in  July  1987  to  provide  ACRES  with  a  recording 
and  (iroduct  processing  capability  for  Landsat  TM,  SPOT  and  MOAA 
Advanced  Very  High  Resolution  Radiometer  (,\VHRR)  data.  An  X.Band 
I  iception  and  Zenith  pass  capability  is  to  be  provided  by  Datron  S.vstem: 
under  a  separate  contract. 


2.0  UPGRADE  OVERVIEW 

The  upgrade  is  comprised  of  two  sites:  the  Data  Acquisitions  Facility 
(DAF)  and  the  Data  Processing  Facility  (DPP).  The  upgrade  to  the  DAF 
included  facilities  for  recording  Landsat  TM,  SPOT  Haute  Resolution 
Visible  (HRV)  and  NOAA  AVHRR  sensor  data.  In  addition,  the  DAF  has 
capability  for  performing  limited  processing  at  real-time  rates  and 
transmission  of  imagery  to  the  DPF  via  a  microwave  link. 

The  upgrade  to  the  DPF  Involved  a  complete  product  generation  and 
control  system  and  includes  facilities  for  imagery  processing  and  analysis, 
user  order  entry,  catalogue  update  and  inquiry,  production  control,  and 
accounting. 


2.1  Data  Acuulslllon  Facility 

This  operational  facility  Is  situated  at  Alice  Springs,  Northern  Territories. 
While  having  to  maintain  high  system  availability,  the  DAF  has  a  low-key 
role  in  terms  of  overall  product  generation.  Figure  2-1  details  the 
information  flow  at  the  DAF.  Tlie  upgrade  to  the  DAF  provided  the 
following  major  operational  capabilities: 

•  Recording  and  playback  for  Landsat  TM  and  SPOT  downlink 
satellite  data, 

•  AVHRR  Data  Acquisition  and  Archival  System,  capable  of 
unattended  operation, 

•  Quick  Image  Capture  System  (QICS),  for  pmee-ssing  of 
subsampicd  fal!  scene  and  fail  resolutions  sub'ceoJ  TM,  SPOT 
and  AVHRR  imagery  and  remote  file  transfer  to  the  DPF.  Figure 
2.1  details  the  information  Row  at  the  DAF. 

Raw  Landsat  TM  and  SPOT  digital  image  data,  together  with  the 
Station’s  local  time  code,  are  recorded  directly  onto  HDDT.  This  data  can 
be  used  as  a  source  of  quicklook  imagery  data  at  the  DAF  but  is  normally 
It  :insported  to  the  DPF  for  cataloguing.  The  image  data  provided  by  the 

iIRR  sensor  is  stored  initially  on  disk  and  then  archived  onto  CCT. 
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I  <1  display  I.andsat  TM  and  SPOT  data  during  real-time  acquisition  or 
playback  from  HDDT,  Format  Synchronirers  and  a  Moving  Window 
llisplay  (MWDl  processor  and  monitor  are  provided.  The  MWD  can  also 
be  utilized  to  view  AVHRR  data  on  reception,  or  playback  from  disk. 

The  AVHRR  Acquisition  and  Archival  System  is  based  on  MacDonald 
Dellvi'iler's  proven  Meteorological  Data  Acquisition  System  (MF.TDASI. 

It  provides  facilities  for  orbit  prediction  and  reception  scheduling  in 
addition  to  its  acquisition  and  archive  role.  It  also  has  provision  for 
’Tterfacing  directly  to  an  antenna  control  unit  so  that  unattended  data 
acquisition  is  possible. 

The  QICS  sy.stem  provides  a  mechanism  for  performing  basic  geometric 
■  -adiometric  corrections  on  sitbsaninled  foil  scene  il.itii  :it  re.nl.ltme 
i-ales  or  on  full  resolution  subscene  data  at  reduced  rates.  The  processing 
tan  lie  done  on  full  passes  nr  single  scene.s.  The  processed  imagery  is  then 
transmitted  via  a  dedicated  communications  link  In  the  DPF  for 
■nimedlate  use,  thereby  eliminating  the  lime  delay  caused  by  having  to 
ship  the  raw  data  tapes. 


2.2  Data  Processing  Facility 

The  DPF  is  situated  at  the  main  ACRF.S  facility  in  Canberra,  ACT.  This 
facility  generates  all  user  products  and  forms  the  main  focus  within  the 
user  community  for  enquiries  and  product  generation. 

Product  generation  functions  involve  all  steps  commencing  at  reading  the 
raw  data  from  HDDT  (or  CCT  in  the  case  of  AVHRR  data).  In  gereraling 
(he  ilnal  product  for  delivery  to  the  end  user. 


T  he  DPF  can  be  divided  into  three  mgjor  subsystems,  each  of  w  liich  has  a 
dedicated  CPU.  These  subsystems  arc  deilned  as  follows; 

•  Distribution,  Information  and  Production  Control  Subsystem 
(DIPCS),  which  serves  as  the  main  external  u.ser  interface, 

•  Interactive  and  Quicklook  Subsystem  (IQSI,  which  uses  the 
Microimage  Quicklook  System  (MQSI  for  catalogue  and 
quicklook  image  production,  and  a  Meridian  IAS  to  perform 
interactive  Image  analy.sls  functions.  The  IQS  also  serves  as  an 
Interface  to  the  DAF, 

•  Image  Correction  Subsystem  (ICS)  which  uses  the  Geocoded 
Image  Connection  System  (GICS)  for  the  production  of  bulk, 
georeferenced  and  geocoded  Imagery  for  TM  and  SPOT  and  for 
the  production  of  bulk  and  georeferenced  imagery  for  AVHRR. 
Figure  2-2  shows  the  information  (low  at  the  DPF. 

Ill  addition,  the  subsystems  share  a  MacDonald  Dettwiler  Color  FIRF,  240 
image  recorder  for  the  generation  of  high  quality  black-and-white  or 
>  >ur  film  products. 


FIGURE  2Z  INFORMATION  Flow  FUR  THE 

DATA  FROCF-SSINC  FACILITV 


2.2.1  Distribution  Information  &  Production  Control  System 

DIPCS  Is  an  interactive  software  subsystem  which  provides  the  interface 
between  users  and  the  dedicated  image  processing  subsystems.  There  are 
facilities  for  raw  and  processed  data  catalogue  enquiries  and  user  order 
entry.  Users  can  enter  orders  through  an  order  entry  clerk  nr  directly 
themselves,  using  terminals  connected  via  the  Au.stpac  data  network. 

DIPCS  generates  work  orders  for  the  MQS,  GICS  and  Meridian  IAS 
subsystems,  as  well  as  monitoring  the  status  of  on-going  work  on  those 
subsystems.  Any  Film  products  generated  on  the  subsystems,  nr  requested 
dir«tly  from  user  orders,  give  rise  to  work  orders  for  the  photnlab.  The 
photolab  work  orders  are  handled  by  DIPCS  and  the  .status  of  on-going 
photolab  work  Is  monitored. 

When  products  arc  complete,  DIPCS  passes  that  information  along  to  the 
accounting  subsystem.  Here,  packing  slips  and  invoices  are  generated  for 
listributinii  to  customers.  The  accounting  subsystem  also  handies  other 
-lining  and  general  ledger  functions. 


577 


1,1.1  Mlcrotmagt  Quitkinok  System 

MQS,  is  rtsponsibit  for  generating  raw  data  catalogue  updates.  When 
work  orders  are  received  from  DIPCS,  MQS  reads  and  corrects  entire 
passes  ofTM.  SPOT  or  AVHRR  sensor  data.  Ne,sli  interacliie  cloud 
cover  assessment  is  performed.  OpHonallyi  th:  system  can  generate 
(|uicklnok,  daily  micronche  and/or  cyclic  micronche  film  products. 
Catalogue  update  data  is  transmitted  back  to  DIPCS. 


2.2.3  Geocoded  Image  Correction  System 

GI(.S  is  the  primary  product  generation  subsy.stem  in  the  DPP  for  TM, 
SPOT  and  AVHRR  sensor  data  products.  Product  requests  are 
transmitted  from  DIPCS  in  the  form  of  work  orders.  Raw  data  for  the 
requested  products  is  read,  and  the  necessary  correction  parameters  are 
generated.  If  precision  products  are  desired,  ground  truth  is  obtained 
either  from  previously  stored  models,  from  automatic  correlation  of 
imagery  or  using  control  paints  marked  by  an  operator. 

Using  these  parameters,  GICS  resamples  imagery  to  generate  raw,  bulk  or 
georeferenced  products  in  quadrants  or  full  scenes  for  ITSl,  SPOT  or 
AVHRR  sensors,  and  geocoded  subscene  products  for  TM  and  SPOT 
sensors.  The  products  can  be  resampled  into  one  of  many  user  selectable 
map  projections,  using  a  variety  of  geoids  and  resampling  kernels.  For 
precision  products,  an  elevation  correction  can  be  chosen  (a  low  frequency 
elevation  model  containing  approximately  one  point  for  every  0.25  degree 
of  latitude/longitude)  or  a  full  Digital  Terrain  Model  (DTM)  correction 
s.in  be  applied.  GICS  has  a  pass  processing  facility  for  generating  models 
wiiich  allow  the  precision  geometric  correction  of  data  anywhere  in  that 
I  iitire  pass  with  no  further  ground  truth  being  required. 

<  ince  the  imagery  has  been  resampled,  output  products  on  Pdm  or  a 
1  .irlety  of  CCT  formats  can  be  generated. 


2.2.4  Meridian  IAS 

1  lie  Meridian  IAS  package,  which  resides  on  IQS,  is  essentially  an 
independent  interactive  image  analysis/enhancement  fool.  The  IAS 
package  contains  a  complete  range  of  input,  analysis  and  output  functions 
needed  to  extract  available  earth  surface  information  from  remotely 
sensed  imagery.  Wo  "'ders  transmitted  from  DIPCS  contain 
instructions  for  processing  imagery  that  is  on  disk,  obtained  directly  from 
GICS,  or  from  CCT.  Output  products  on  Tilm  or  CCT  can  be  generated. 


3.0  PRODUCT  OVERVIEW 

Alt  user  products  are  produced  on  film  or  CCTs  and  may  be  classed  as 
either  ’standard’  or  ’special’.  Standard  products  are  those  generated 
completely  within  one  DPF  system  while  special  products  may  require 
■  Itial  processing  by  GICS  follnued  by  subsequent  manipulation  by  the 
vs  i>vf»re  01111)01  to  film  or  tape.  I'ilni  products  also  reipiire  additional 

.  velopment  by  the  phololab.  DIPCS  is  responsible  for  converting  special 
(/.■•uduct  requests  to  work  order  chains  and  controlling  the  progress  of  the 
products  through  the  various  subsystems. 

Film  and  CCT  products  produced  on  any  of  the  subsystems  can  be 
recorded  In  the  processed  data  catalogue  once  proces,sing  has  been 
successfully  completed.  This  allows  future  products  to  be  ordered  as 
copies  by  identifying  the  data  from  this  catalogue. 


3.1  Oulcklook  Products 

Quicktook  images  are  corrected  only  for  gross  geometric  and  radiometric 
errors  in  the  raw  data.  They  are  framed  according  In  the  slandanl 
framing  scheme  for  the  satellite/sensor  and  accompanied  by  identifying 
annotation.  The  quicklook  rilm  products  are  produced  at  a  reduced 
resolution  on  black  and  white,  in  a  70-mm  format  on  240.mm  roll  film  t9 
per  frame). 


.1.2  Catalogue  Products 

Catalogue  film  products  ore  produced  In  eillier  black  and  white  or  colour. 
Each  240*mm  frame  of  film  contains  up  to  two  ca.alogue  products,  each  of 
which  contains  eighly.four  Individual  scenes  in  a  6  x  14  array.  The  scenes 
can  be  organized  according  to  acquisition  sequence  or.  for  TM  data,  by 
coverage  cycle.  Catalogue  products  are  generated  using  Imagery  obtained 
from  archived  CCTs  or  directly  from  files  generated  by  data  acquisition 
work  orders. 


3.3  Standard  Products 

Standard  products  are  produced  on  llte  GICS  system  and  can  lake  Ibe 
form  of  either  bulk,  georeferenced  or  geocoded  data  on  CCT  or  high 
resolution  film  in  colour  or  black  and  white.  The  various 
characteristics  and  options  for  these  products  are  summari/ed  in 
Table  1-1. 


FABLE  1-1  STANDARD  PRUDUCl  CHARACrKRi.SlU.'S  OPTH 

Itl'LK  GEtlREFF.RENCED  GEOCODII) 

Geometrically  Raw 
Resampled  to  Spacecraft 
Projection 
Resampled  to  User 
Selected  Map  Prujection 
Rotated  to  North  Up 
Orientation 
Radiometrically  Raw 
Radlometrically 
Corrected 

Systematic  Geometric 
Accuracy 
Optional  Precision 
Geometric  Accuracy 
Optional  Elevation 
Correction 
Optional  DTM 
Correction 
Clioice  of  Resampling 
Kernels 

Choice  of  Earth  Geoid 
Models 

User  Defined  Framing 

3.4  Special  Products 

Products  which  require  some  processing  on  the  Meridian  IAS  are  classed 
as  special  products.  Input  data  may  be  from  CC”.  or  from  image  data 
residing  on  disk  which  has  been  previously  produced  by  GICS.  In 
addition  to  generating  film  or  CCT  products  by  applying  one  of  the  many 
image  analysis/enhancement  tools  available,  custom  format  film  products 
taltered  scale,  resolution,  layout,  etc.)  can  be  produced  using  the  Meridian 


4.0  POST  UPGRADE 

4.1  Impact  on  Operations 

ACRES  will  continue  to  use  the  Concurrent  system  for  MSS  cataloguing 
and  processing.  It  is  expected  that  the  demand  for  MSS  products  will 
decrease  as  users  begin  to  use  TM  and  SPOT.  However,  as  the  Australian 
TM  and  SPOT  archive  only  goes  back  to  1986,  there  will  always  be  some 
requests  for  pre-1986  MSS. 

The  longer  term  options  are  to  maintain  and  operate  the  rapidly  aging 
Concurrent  system  or  to  shift  the  M.S.S  cataloguing  and  processing  to  the 
•'••w  system.  Considerations  in  making  a  decision  include  MSS  product 
mands.  Concurrent  system  performance/niaintenance  costs. 


Jrlerioralion  nf  MSS  magnetic  tape  arclii\c.  and  I.ANDSAT  5  MSS 
liansnii$;iion  lirelinie. 

Some  reorganirallnn  of  ACRES  slaiTlias  lieen  necessary  nilhmit 
significant  increase  in  numbers.  Productivity  of  the  .system  is  e.xpected  to 
be  high  but  experience  wilt  need  to  be  gained  before  optimiring 
procedures.  Tlic  new  DIPCS  subsystem  wbicb  enables  nn.line  catalogue 
enquiries,  product  ordering,  invoice  and  statement  generation,  is  expected 
to  be  used  by  ACRES  Distributors  and  regular  clients.  ACRF„S  User 
Services  staff  will  be  able  to  spend  more  of  tbeir  time  servicing  the  le.ss 
know  ledgeable  clients. 


4.2  Impact  on  User  Community 


A  core  group  of  Australian  users  have  a  relatively  long  experience  with 
MSS  and  other  remotely  sensed  data  in  a  range  nf  applications,  especially 
mineral  exploration.  Tlicse  users  have  well  developed  methodologies  and 
systems.  With  the  availability  of  affordable  PC-based  Image  Analysis 
e(|uipment.  many  more  organizations,  including  educational  instihitions, 
are  Introducing  remote  sensing  techniques,  providing  product  prices  are 
attractive. 

ACRES  new  georefercnced  and  geocoded  produrts  will  reduce  the  effort 
needed  by  the  user  in  the  application  of  the  data.  Users  will  need  In  make 
tile  right  choices  in  the  sensor  type  and  processing  level  In  best  suit  their 
application. 

(tcographic  Information  System  (GISI  data  bases  are  being  implemented 
by  a  number  of  Australian  organizations.  The  avaibahilily  nf  geocoded 
imagery  from  ACRE.S  can  contribute  to  llie  economic  updating  nf  these 
data  bases. 

'1  lie  Australian  GnvernmenI  has  recently  approved  an  on-going 
tn|)Ographic  revision  mapping  program  at  medium  scales  to  be 
undertaken  by  the  Australian  Surveying  and  Land  Information  Group. 


5.0  CONCLUSION 

The  1990s  wilt  .see  tlie  launch  of  new  remote  sensing  satellites  and  also 
begin  the  era  of  llie  polar  platforms  carrying  a  multiplicity  of  earth 
resources  sensors. 

Data  requirement  needs  will  have  to  be  defined  and  the  appropriate 
pruce.ssing  agreements  and  capabilities  put  into  place.  ACRES  in 
participation  with  other  Australian  organizations  is  well  equipped  to  meet 
this  challenge. 
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ECUADOR  GROUND  RECEIVING  STATION  •  COMl’ONENT  SUBSYSTEMS 


Ken  Coji/Fred  Pleasance 
MacDonald  Detlniler 
13800  Commerce  Parkway 
Richmond,  B.C.,  Canada  Vl<V2J3 
Tel:  (604)278-3411  •  Telex:  04.355599  -  Kac:  (604)278-0531 


INTRODUCTION 

Al  any  given  time,  twenty  percent  of  Ecuador  it  nhtevred  hy  clouds. 
Optical  salelUte  data  from  SPOT  and  Landsal  could  only  hope  to 
provide  part  of  the  national  picture.  What  Ecuador  needed  hr 
comprehensive  coverage  was  additional  access  In  a  sensor  providing 
ground  data  in  all  weather  by  day  or  night.  The  MacDonald 
Dettwiler  engineered  Ground  Station  in  Quito  witi  provide  Just  that. 
Ry  late  1989,  Ecuador  will  have  reception  and  processing  facilities  for 
Landsat-TM,  SPOT  and  ER$-I  data.  This  processing  range  gives 
Ecuador  the  unique  capability  to  process  data  not  only  from 
conventional  optical  satellites  hut  also  from  a  radar  .satellite  with  data 
capture  ability  denied  to  sunlight  dependant  sensors, 

Work  on  the  Ecuador  Ground  Station  (EGS)  began  in  1988. 

Although  MacDonald  Dettniler  had  worked  on  other  .South  American 
remote  sensing  facilities  before,  the  EGS  was  the  company's  first 
complete  South  American  Ground  Station.  The  system  will  be 
installed  and  operational  by  September  1989. 

The  Quito  based  EGS  built  for  CLIRSEN  can  be  conceptually  broken 
down  into  three  subsystems: 

•  The  Data  Acquisition  System  (DAS); 

•  The  Recording  and  Playback  Sy.stem  (RPSi:  and 

•  The  Data  Processing  System  ( DPS). 


DATA  ACQUISITION 

The  DAS,  as  the  ground  station  front-end.  provides  interface  between 
the  satellite  and  the  RPS.  It  is  designed  to  ensure  a  high  level  of 
operation  reliability  and  availability  so  as  not  to  lose  more  than  two 
percent  of  available  passes  due  to  equipment  failure  or  malfunction. 
The  DAS  consists  of  four  major  subsystems: 

•  antenna  and  antenna  control: 

•  data  and  tracking  receivers; 

•  test  modulator;  and 

•  boresight. 

The  antenna  and  antenna  control  equipment,  including  associated 
Radio  Frequency  (RF)  equipment,  can  vcceive  satellite  downlink  RF 
signals  in  X-Rand  (8025  to  8400  MHr.).  The  antenna  can  track 
Landsat,  SPOT  and  nil)  be  able  to  track  KKS-l  and  oilier  polar 
orbiting  satellites  with  simitar  orbital  and  downlink  signal 
characteristics.  The  antenna  includes  a  mechanism  to  allow  tracking 
of  zenith  passes  without  loss  of  data.  The  received  satellite  .signals  are 
coiivertcd  to  a  375-MHz  intermediate  frequency  for  input  In  the 


■  ecelvers.  The  antenna  also  provides  for  the  injection  of  test  signals 
into  the  RF  reception  chain,  for  system  loop-hack  testing. 

The  data  receiver  Is  a  single  multipurpose  -mil  de.slgncd  for  downlink 
data  capture  from  polar-nrbiting  reniote-sensing  satellites.  It  consists 
of  a  demodulator  for  Quaternary  Phase  .Shift  Keying  (QP.SK)  nr 
Unbalanced  Quaternary  Phase  Shift  Keying  (UQPSK)  data  and  three 
bit  synchronizer  modules.  The  bit  synchronizer  modules  aie  designed 
to  recover  the  origbial  digital  data  stream  with  an  accompanying 
clock  fur  a  particular  Catetllte. 

The  tracking  receiver  Is  a  general  purpose  telemetry  receiver  which  is 
configured  for  operation  with  the  antenna  control  system  to  provide 
X-Danri  autotracking. 

The  lest  modulator  is  a  general  purpose  unit  which  generates  a 
modulated  RF  signal  for  ii\Jectlon  into  the  antenna.  The  test 
modulator  output  can  be  modulated  with  simulated  satellite  data  or 
pseudorandom  bit  sequence  test  signals  supplied  by  the  RP.S.  The  test 
signals  are  used  to  measure  and  verify  DAS  and  RPS  equipment. 

The  remotely  located  boresight  transmitter  generates  an  unmodulated 
X-Band  RF  signal  used  to  verify  the  anteima  RF  perform-ance  and 
physical  orientation. 


RECORDING  AND  PLAYBACK  SYSTEM 

The  RPS  consists  of  two  High-Density  Digital  Recorders  (HDDRs),  a 
programmable  Data  Matrix  Switch  (DMS),  P'rame/Format 
Synchronizers  for  Landsat-TM,  SPOT  and  ERS-I  SAR. 

The  RPS  Includes  test  data  generators  for  Landsat-TM,  SPOT  sensor 
data.  These  test  generators  are  usable  in  a  variety  of  system  tests 
including  full  end-to-end  testing  of  the  DAS  and  RPS.  The  KPS  Bit 
Error  Rate  (BER)  test  set  generates  and  analyses  pseudorandom 
digital  data  bit  stream  data  to  test  the  antenna,  receivers.  HDDRs  and 
"’n.il  routing  equipment. 

'I  he  RPS  provides  the  facilities  used  to  record  satellite  downlink  data 
for  archiving.  Its  other  functions  include  formatting  data  for  input 
into  the  DP.S  and  providing  visual  display  of  image  data  via  a  Moving 
Window  Display  Processor  (MWDP)  and  video  monitor.  The  RPS 
also  produces  lest  data  in  the  satellite  downlink  formats  and  as  a 
Pseudorandom  Bit  Stream  (PRBS), 

Data  is  formatted  for  input  to  the  DPS  by  Landsat-TM,  SPOT  and 
ERS-1  SAR  format/frame  synchronizers.  Data  output  from  the  SPOT 
and  TM  format  synclmonizers  can  be  selected  for  viewing  during 
downlink  data  acquisition  or  tape  playback  on  the  MWD.  Also 
viewable  on  the  MWD  is  data  output  to  the  DPS  film  recorder. 
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FKiURE  1  FUNCnONAL  OVERVIEW  OF  THE  EOS  SYSTEM 


SPOT  and  TM  quicklonk  products  arc  produced  in  black-and-nhilc 
using  the  FIRE  film  recorder  from  a  single  liand  of  sensor  data.  The 
image  data  is  essentially  raw,  TM  scanline  resersal  and  nominal 
alignment  are  always  ap|)lieri.  and  eartli  rotation  and  contrast 
enhancement  options  are  availahle.  SPOT  quicklonk  scene  images  ai  >■ 
pioduced  at  a  nominal  scale  of  1:1,500,000.  Each  scene  contains  100(1 
lines  X  1000  pixels  of  Image  data  plus  grey  scale  annotation.  TM 
qiiicklook  scenes  are  produced  at  a  nominal  scale  of  1 :4,800,000. 

Each  scene  contains  770  lines  x  790  pixels  of  image  data  plus 
annotation  and  grey  scale. 

SPOT  and  TM  microfiche  products  can  be  produced  in  black  and 
white  or  in  color  using  the  FIRE  film  recorder.  Each  240.mm  frame 
of  FIRE  nim  can  contain  two  microfiche  products,  each  of  which 
contains  up  to  84  individual  quicklook  scenes.  Microfiche  scenes  for 
TM  are  subsampled  to  385  lines  x  390  pixels  of  image  data  while  those 
for  SPOT  are  subsampled  to  500  lines  x  500  pixels.  Each  scene  has  an 
associated  annotation  area,  enhanced  grey  scale  and  geographic  tick 
■narks.  Microfiches  can  also  be  produced  In  acipiisition  sequence  or 
by  geographic  area. 


DATA  PROCE.SS1NG  SY.STEM 

The  DPS  Is  based  on  Digital  Equipment  Corporation  IDEC'I  VAX- 
series  minicomputers  which  hosts  software  packages  (described  later) 
to  process  l.andsat-TM,  SPOT  and  ER,S-I  .SAR  data,  ft  provides  the 
functions  of  data  quality  assessment  and  reduced-resolutinn  image 
product  generation  for  TM  and  SPOT,  and  full-resnlutinn  processed 
image  product  generation  for  TM4>POT  and  ERS-I  SAR.  To 
economically  provide  a  reasonable  level  nf  throughput  for  the  large 
image  data  volumes  of  high-resolution  satellite  image  data  tlie  DPS 
employs  specialized  high-bandnldlh  processing  equipment. 

All  of  quicklook,  catalog,  SPOT  Image,  and  user  products  for  TM, 
.SPOT,  and  ERS-1  SAR  data  are  generated  in  the  DPS.  DPS 
functionality  essentially  falls  into  the  categories  nf  Raw  Data  Ingest. 
Product  Generation,  and  Data  and  Product  Quality  Assurance.  It 
also  provides  certain  station  management  functions.  The  KGS 
software,  written  In  Fortran  and  Pascal,  runs  In  the  DEC  VAXA'MS 
operating  system  environment.  The  software  is  entirely  resident  In 
the  DPS  and  consists  of  support  utility  functions  and  the  folloning 
four  subsystems; 

•  Microimage  Quicklook  Subsystem  (MQS); 

•  Geocoded  Image  Correction  .Subsystem  (GICS): 

•  SAR  Processing  Subsystem  (SARPSl:  and 

•  MERIDIAN  (Image  Analysis  Subsystem). 


The  Geocoded  Image  Correction  Subsystem  (GICS). 

The  GICS  provides  a  precision  correction  facility  for  processing 
Imagery  from  the  Landsat-5  TM  sensor  and  from  the  SPOT-1  MI.A 
and  PI.A  sensors.  The  main  imagery  input  to  GICS  is  raw  imagery 
containing  attitude  and  orbit-relate(l  errors,  sensor-related  errors  and 
scene-related  errors.  The  main  function  ofGICS  is  to  remove 
geometric  and  radiometric  errors  from  the  Imagery  and  project  the 
corrected  Images  onto  standard  coordinate  systems.  The  outputs  oT 
GICS  are  film  images  and  CCT  products. 

Tlie  GICS  software  consists  of  a  number  nf  multitasking  processes 
that  run  on  the  host  computer,  the  Aptec  InputfOutput  Computer 
(IOC)  and  the  Floating  Point  .Systems  (FPS)  array  processor.  The 
main  processes  which  run  In  the  host  computer  provide  workstation 
support  for  the  operators  and  process  work  orders  which  control  the 
actual  data  correction  functions  of  GICS.  The  data  input  operations 
and  some  of  the  image  corrKtion  functions  are  implemented  in  the 
Aptec  IOC.  Image  resampling  is  performed  In  the  FPS  array 
processor, 

GICS  workstation  operators  have  access  to  separate  production 
control  and  conin'!  point  marking  processes.  To  allow  independent 
activity  there  is  one  process  per  operator.  Process  isolation  further 
ensures  that  effects  of  operator  ei  I'lr  are  restricted  to  a  single  work 
order. 


The  Microimage  Quicklook  Sul)syslem  (MQS). 

MQS  is  used  for  performing  cloud  cover  assessment  and  the 
generation  of  quicklook  and  catalog  images,  and  the  generation  nf 
SPOT  catalog  update  CCTs. 

The  MQS  software  consists  of  code  running  on  the  host  computer  and 
the  Aptec  IOC.  Software  functionality  is  divided  into  workstation 
functions  and  work  order  functions.  Workstation  functions  support 
operator  activities  to  initiate  work  orders  and  enter  auxiliary  data. 
These  functions  also  provide  the  operator  with  system  and  progress 
feedback.  The  work  order  functions  control  data  acquisilinn  and 
product  formatting  and  generation.  The  MfJS  maintains  several  data 
bases.  Tliese  data  bases  contain  standard  configuration  and 
hardware  device  information,  satellite  orbital  parameter  data  and 
standard  processing  parameter  data. 

Products  generated  by  MQS  are: 

•  SPOT  and  TM  70-mm  quicklook  images  in  black  and  white: 

•  SPOT  and  TM  microllche  catalog  images;  and 

•  Reports. 


Work  orders  define  the  Input  data  for  ingest,  the  corrections  In  be 
performed,  and  the  products  to  be  generated.  .Several  work  order 
processes  may  be  active  in  parallel  at  different  processing  stages. 

The  GICS  interfaces  with  the  RPS,  the  MQ.S,  SPOT  Image  and  with 
(he  operating  staff.  The  mterface  with  the  RPS  is  mainly  for  data 
input,  while  the  interface  with  MQS  is  via  shared  data  bases.  Tlie 
interface  with  SPOT  Image  is  In  provide  Level  0  CCTs  from  GICS. 
The  interface  with  (he  operations  staff  is  via  the  w  orkslations  for 
work  order  entry  and  intervention  request  servicing  including 
interactive  control  point  marking  and  pniduci  data  quality 
assessment. 

The  GICS  produces  the  follovving  types  of  imagery  products; 

•  Raw,  .Systematic  or  Precision  Corrected  .Scenes  and  TM 
Quadrants; 

•  Systematic  or  precision  Geocoded  Subscencs. 

Raw,  systematic  and  precision  image  products  are  produced  as  full 
scenes  for  SPOT  and  as  full  scenes  or  ((uadranls  for  TM.  Raw 
products  are  similar  to  bulk  products  except  that  geometric 
corrections  (except  for  TM  scan  reversal)  are  omitted.  Radiometric 
corrections  may  be  selected  by  the  operaloi'. 
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Geocoded  subscrnM  are  corrected  for  earth  rotation  and  other 
geometric  errors. 

The  Imagery  is  resampled  and  rotated  to  align  n-ith  and  correspond  In 
an  integral  number  of  UTM  map  sheets.  The  pixel  sires  for  genended 
Images  froni  different  sensors  are  in  integer  ratios  allon-ing  these 
images  to  be  conveniently  overlaid  in  digital  form. 

For  all  products  two  levels  of  accuracy  are  available: 

•  systematic  using  a  priori  data,  and 

•  precision  using  ground  truth. 

All  hill  scene,  TM  quadrant  and  geocoded  subscene  products  can  be 
produced  as  240.mm  colour  film  products  exposed  on  the  fjolor 
FIRE>240  nim  recorder,  and  as  CCTs  in  Canada  Centre  for  Remote 
.Sensing  (CCRS)  LGSOWG  formal.  The  .SPOT  Level  0  CCT  products 
are  produced  only  on  CCT  in  the  CRKS  .SPOT  Level  0  format. 

A  SPOT  Level  0  CCT  product  Is  generated  as  an  operator-specified 
work  order  option  for  SPOT  data  processl.ig.  This  product  Is  used  In 
supply  raw  SPOT  data  to  SPOT  Image. 

A  Work  Order  report  Ls  printed  following  the  completion  of  each 
work  order.  This  report  identifies  the  prnduclls)  generated,  the 
processing  options  used,  and  includes  Quality  Assessment  reports  for 
tile  processed  imagery. 


The  Synthetic  Aperture  Radar  Processing  .System  (SARPS). 

The  SARPS  Is  an  independent  subsystem.  It  does  not  operate  In 
parallel  with  other  data  processing  subsystems  in  the  ground  station. 
It  interacts  with  the  operator  to  receive  processing  parameters  and 
processing  commands.  Its  operation  starts  with  Ingesting  data  from 
the  HDDT.  This  is  followed  by  data  processing  and  image  C(.T 
generation.  If  required,  a  film  product  can  be  subsequently  generated 
using  a  UPS  utility  function. 

In  terms  of  hardware,  the  SARPS  uses  a  subset  of  the  OPS  main 
computer.  Data  from  the  ER.S.I  High  Rate  Frame  .Synchronixer  Is 
fed  into  the  Frame  Synchronizer  Interface  IFSI).  The  FSI  unpacks 
KicSARraw  data  fromS.bit  loS-bil  formal  and  .sends  it  lolhe  Aptet 
me.  The  Aplec  IOC's  multiple  purposes  include  providing  a  high 
li.iiidwidlh  mass  memory  storage  fer  data  buffering,  allowing  the  host 
iiiiiinunicale  with  ottiei  baidvtare  components  and  computing 
si.iilslics  on  the  input  data.  Tiie  input  data,  stored  on  a  raw  data  di.sk. 
is  sufficient  to  generate  a  100  x  IVO  km  Image.  Input  elements  on  the 
disk  are  stored  In  S.bll  I.  S-bil  Q  formal.  The  array  processor 
receives  control  parameters  from  the  ho.st  and  performs  all  compote- 
intensive  SAR  signal  processbig  operations  such  as  FFT.  matched 
tillering  and  interpolation. 


■|  he  MF.RIDIAN  Core  package  consists  of  a  set  of  functions  and 
services  for  controlling  the  the  workstation  functions,  image  data  base 
contents,  and  the  software  operating  environment. 

The  MF.RIDIAN  Image  package  provides  Image  proce.ssing  and 
analysis  functions  for  activities  such  as  spectral  enhancement, 
classification,  statistics,  distance  measurement,  report  generation, 
data  input  and  output,  and  product  generation. 


SUMMARY 

The  MQS  and  GICS  provlue  data  processing  ftinclions  for  Landsal- 
TM  and  SPOT,  while  SARPS  provides  data  processing  functions  for 
ERS-1  SAR.  The  MQS  generates  quicklook  and  catalog  Images,  the 
GICS  generates  hulk-processed  and  geocoded  image  products,  and 
the  SARPS  generates  bulk.processed  products.  The  MERIDIAN 
system  provides  interactive  Image  analysis  functions  for  data 
processed  by  the  GICS  and  SARPS  subsystems. 

The  GICS.  MQS  and  SARPS  are  ho.sted  on  the  main  DP.S  computer 
system  based  on  a  DEC  VAX  3600  augmented  by  high-throughput 
image  data  input  and  processing  peripheral  equipment  incorporating 
an  array  processor.  Other  peripherals  and  interfaces  necessary  for 
satellite  data  input  and  product  generation  are  also  included  in  the 
system. 

The  MF.RIDIAN  system  Is  hosted  on  a  second  VAX  3600  sshich  shares 
licripberals  of  the  DPS  VAX  over  an  Ethernet  local  area  network. 


The  MERIDIAN  Image  Analysis  System. 

The  MERIDIAN  subsystem  provides  an  Interactive  image  analy.sis 
facility  for  the  post-processing  of  image  data  products  from  the  GICS 
and  SARPS,  and  from  external  agencies.  Its  multiprocessing 
capability  allows  a  number  of  applications  Jobs  to  be  run  In  parallel 
from  a  single  workstation.  MERIDIAN  allows  the  operator  to 
Interactively  manipulate  the  Image  data  and  perform  operations  such 
as  classification,  feature  enhancement,  selecting  a  standard  image 
subset,  and  mosaicking  together  two  images  to  form  one. 

The  MERIDIAN  software  consists  of  a  number  of  processes  which 
run  on  single  computer  system.  The  MERIDIAN  operator  is  served 
by  an  image  workstation,  which  makes  use  of  the  hardware  of  the 
DPS  markbig/QA  workstation  used  by  GIC.S  and  MQ.S.  The  .software 
is  organized  as  a  set  of  functions  which  are  executed  under  operator 
control  via  an  operator  workstation  interface.  These  modules  are 
grouped  Into  two  software  packages:  MF.RIDIAN  Core  and 
MERIDIAN  Image. 
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Description  of  the  Earth  Gravity  Field  Recovery  Mission 

R.  Benz,  H.  Langemann,  M.  Gramolla  and  G.  Hecke>) 

Dornier  GmbH,  Postfach  1390,  D-7990  Friedrichshafen,  FRG 
MESTEC,  P.O.  Box  299,  2200  AG  Noordwijk,  The  Netherlands 


Abstract 

Under  contract  to  the  European  Space  Agency  a  system 
study  for  a  spaceborne  Earth  Gravity  Field  Recovery 
mission  called  ARISTOTELES  has  been  performed  in  1988, 
to  prove  system  feasibility  covering  as  further  mis¬ 
sion  objectives  geodetic  point  positioning  in  the  cm 
range  and  Earth  Magnetic  Field  measurements  (R.  Benz 
et  al.  1988).  Under  the  given  programmatic  con¬ 
straints,  a  six  months  Earth  Field  Recovery  mission  in 
a  200  km  near  polar  davm  dusk  orbit  has  been  chose.n  to 
recover  the  gravity  field  anomalies  on  a  global  scale 
better  than  S  mgal,  coherently  with  the  magnetic  field 
better  than  2  nT  with  a  spatial  resolution  of 
100  X  100  km  half  wavelength. 

The  primary  payload  is  a  planar  gradiometer  comprising 
four  accelerometers  ultrasensitive  in  radial  and 
across  track  direction.  A  microwave  tracking  system 
will  provide  precise  orbit  data  required  for  the  field 
restitution  and  will  be  used  optionally  for  geodetic 
point  positioning  requiring  however  an  orbit  raise  to 
at  least  700  km  altitude  and  an  additional  three  years 
mission  duration.  The  payload  is  optionally  completed 
by  a  magnetometer  and  a  GPS  receiver.  The  latter  one 
for  operational  orbit  determination  and  as  support  of 
the  GRADIO  to  recover  the  lower  harmonics  of  the 
gravity  field. 

The  approval  for  this  optional  programme  is  expected 
in  1989.  Launch  is  scheduled  for  the  raid  1990 's  with 
an  ARIANE  launcher. 

Keywords:  Solid  Earth  Programme,  Gravity  and  Mag¬ 
netic  Earth  Field  Recovery,  Geodetic  Point 
Positioning 


1.  Introduction 

In  the  raid  1990's,  the  ,\RISTOTELES  spacecraft  will 
begin  to  investigate  the  Earth's  fields.  The  provision 
of  gravity  and  raagnetoraetry  data  with  unprecedented 
accuracy  and  on  a  global  scale  will  be  a  milestone  for 
the  progress  in  geodynaraic  science. 

Geography,  geodesy,  oceanography  and  other  areas  will 
benefit  as  well  as  practical  applications  in  satellite 
navigation,  climate  modelling  and  earthquake  and 
volcanisra  prediction  research.  Thus  the  understanding 
of  our  planet  will  greatly  be  enhanced  by  the 
ARISTOTELES  mission. 


Th?  name  of  the  mission  ARISTOTELES  stands  for  "^pli¬ 
cation  and  Research  involving  ^ace  Techniques  Observ¬ 
ing  T^c  Earth  field  from  a  Low  Earth  Orbiting  Satel¬ 
lite"  and  reminds  of  the  great  greek  philosopher 
Aristotle  who  was  the  first  to  speak  of  gravity 
forces. 


2.  Scientific  Background 

The  science  of  geodynamics  is  a  highly  interdiscipli¬ 
nary  and  complex  field  that  studies  the  physical 
forces  and  processes  affecting  the  Earth's  core, 
mantle  and  crust  and  is  concerned  with  interactions  of 
the  Solid  Earth  with  its  atmosphere,  its  oceans,  with 
the  moon  and  the  sun. 

Space  techniques  are  proving  to  be  a  powerful  t ;ol  to 
study  links  between  individual  processes  in  a  short 
time  on  a  global  scale  with  homogeneous  high  accuracy 
and  promise  to  be  a  major  factor  in  achieving  a  better 
understanding  of  how  our  planet  works.  Several  scien¬ 
tific  objectives  are  mentioned  below.  A  more  detailed 
background  is  given  by  the  SESAME  report  (SESAME, 
1986) 


GRAVITY  FIELD 

The  structure  of  the  gravity  field  reflects  irregu¬ 
larities  in  mass  distribution  in  the  interior  of  the 
Earth.  These  irregularities  are  the  result  of  the 
internal  heating  and  of  gravitational  attraction  on 
the  material  assemblage  of  varying  chemical  and  physi¬ 
cal  composition.  Consequently,  knowledge  of  the 
Earth's  gravity  field  is  the  most  direct  information 
source  for  a  better  understanding  of  Solid  Earth 
physics. 


MAGNETIC  FIELD 

The  Earth  magnetic  field  is  made  up  by  the  superposi¬ 
tion  of  several  components.  The  temporal  variations  of 
the  field  and  the  occurrence  of  magnetic  jerks  are  of 
primary  interest  for  the  scientists.  Correlation  has 
been  discovered  between  the  westward  drift  of  the 
field  and  the  length-of-day-variation.  There  is  also  a 
magnetic  coupling  between  the  core  and  the  mantle.  To 
fully  understand  the  Earth  dynamo  effect  is  one  of  the 
greatest  remaining  challenges  in  fundamental  modern 
Solid  Earth  physics. 
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GEOPHYSICS  AND  OCEANOGRAPHY 

The  Earth's  surface  is  made  up  of  individual  rigid 
lithospheric  plates  which  are  assumed  to  float  on  a 
relatively  soft  layer  called  astenospherc.  These 
plates  are  moving  relatively  to  each  other  with 
averaged  velocities  of  several  centimeters  per  year, 
causing  earthquakes  and  volcanism  where  they  collide, 
separate  or  slide  past  each  other.  The  driving 
mechanisms  of  plate  motion  are  not  yet  fully  under¬ 
stood,  but  thermal  convection  and  gravitational  forces 
are  believed  to  be  the  main  contributors.  In  addition, 
geodesy  and  oceanography  also  benefit  in  a  very  pro¬ 
found  way  from  an  accurate  global  knowledge  of  the 
gravity  field. 


Earth  Rotation 

In  response  to  the  gravitational  attraction  of  the 
sun  and  the  moon,  the  Earth  carries  out  a  rather  com¬ 
plicated  motion  in  space.  It  processes,  the  pole  of 
rotation  is  moving  irregularly  and  superimposed  with 
almost  constant  drift,  the  spin  rate  is  slightly 
changing.  Core-mantle  processes,  earthquakes  and  fluc¬ 
tuations  in  the  atmosphere  are  assumed  to  be  the  main 
contributors  to  these  irregularities.  Observation  of 
the  rotational  motion  of  the  Earth  by  space  techniques 
has  resulted  in  major  progress.  Further  improvements 
can  only  come  from  more  precise,  more  continuous  and 
more  dense  observations,  only  achievable  with  very 
advanced  space  techniques. 


Earthquake  and  Volcanism  Prediction  Research 

All  three  mission  objectives  of  the  ARISTOTELES  space¬ 
craft  shall  contribute  to  the  progress  in  earthquake 
and  volcanism  prediction.  Detailed  gravity  information 
over  typical  geological  features,  obtained  from  the 
gravity  mission,  is  necessary  for  the  development  of 
accurate  earthquake  prediction  models.  The  point  posi¬ 
tioning  mission  can  reveal  the  relation  between  major 
earthquakes  and  the  drift  rates  of  lithospheric 
plates.  Earthquakes  are  also  linked  to  the  Chandler 
wobble,  a  component  of  the  polar  motion.  The  under¬ 
standing  of  this  and  other  forms  of  Earth  rotation 
variation  will  greatly  benefit  from  the  magnetometer 
mission. 


3.  Applications  Background 

The  ARISTOTELES  mission  will  greatly  help  man's  under¬ 
standing  of  the  Earth  as  a  system,  but  there  is  more 
to  it  than  the  pursuit  of  pure  scientific  interest. 
Advances  in  geodynamics  can  directly  support  work  on 
such  diverse  fields  as  e.g.  environmental  problems, 
climate  modelling  and  satellite  navigation. 

CLIMATE  MODELLING 

Climate  models  nowadays  face  increasing  interest  as  a 
means  to  assess  and  predict  the  disturbing  influence 
of  human  activities  on  the  sensitive  equilibrium  of 
environmental  processes.  Information  gathered  from  the 
ARISTOTELES  mission  can  greatly  improve  the  accuracy 
and  reliability  of  these  models  in  several  ways. 

A  very  precise  geoid  as  obtainable  from  the 
ARISTOTELES  mission  will  enlighten  research  in  general 
ocean  dynamics  and  ocean  circulation.  As  a  means  of 
storage  and  transportation  of  carbondioxide  and  heat, 
ocean  circulation  is  a  major  factor  in  any  climate 


model.  The  ability  to  absorb  carbondioxide  in  large 
quantities  is  an  important  regulator  of  the  greenhouse 
effect. 

Closely  related  to  the  greenhouse  effect,  the  sea 
level  rise  predicted  by  several  UNO  studies  (e.g. 
Delft  Hydraulics,  1987)  will  endanger  large  populatad 
areas  of  coastal  land.  Space  techniques  will  in  com¬ 
bination  with  tide  gauges  allow  exact  monitoring  of 
sea  level  variations  in  a  worldwide  system.  It  will 
further  the  understanding  of  this  phenomenon  and  the 
recognition  of  the  involved  parameters.  It  will  allow 
to  discover  trends  in  sea  level  variations  and  can 
eventually  provide  long  terra  forecasts  for  individual 
areas.  This  observation  will  be  simplified  by  a  con¬ 
nection  of  world  wide  height  systems,  as  made  possible 
by  a  precise  geoid  and  spaceborne  geodetic  point  posi¬ 
tioning. 


SATELLITE  NAVIGATION  AND  GEODESY 

A  precise  gravity  field  will  be  the  foundation  for 
improved  satellite  navigation  and  the  basis  for  exact 
orbit  computation  for  future  and  former  satellite 
altimetry  missions.  The  point  positioning  mission  will 
support  this  task  by  allowing  to  correct  geodetic 
reference  frames  with  information  on  the  movement  of 
lithospheric  plates. 

Satellite  positioning  in  combination  with  a  precise 
geoid  knowledge  provides  us  with  quasi-leveled 
heights.  For  developing  countries  this  is  the  only  way 
to  get  medium  scale  topographic  height  information  for 
mapping,  engineering  and  exploration  in  a  fast  and 
consistent  manner,  avoiding  costly  and  time  consuming 
terrestrial  methods.  In  the  northern  hemisphere,  the 
use  of  the  satellite  derived  geoid  is  the  only  way  to 
obtain  height  systems  and  height  system  connections  on 
a  continental  scale  free  of  systematic  errors  for 
science,  mapping  and  engineering. 


NATURAL  RESOURCES  PROSPECTING 

An  association  of  plate  tectonics  with  the  occurrence 
of  natural  resources  has  recently  been  recognized. 
Detailed  gravity  information  of  high  resolution  serves 
as  a  first  indicator  when  prospecting  Earth  resources. 


a.  Mission  Objectives  and  Requirements 
GRAVITY  MISSION 

The  primary  mission  of  the  ARISTOTELES  spacecraft  is 
the  global  determination  of  the  gravity  potential 
field  of  the  Earth.  The  objective  is  to  determine 
gravity  anomalies  with 

-  an  accuray  of  <5  mgal 

-  and  a  spatial  resolution  of  100  *  100  km 

The  benefit  of  the  ARISTOTELES  mission  can  be  seen 
from  a  comparison  between  the  amplitudes  cf  various 
geodynamic  phenomena  and  the  envisaged  ARISTOTELES 
system  performance  as  given  in  Fig.  1. 

To  achieve  the  required  highly  accurate  gravity  re¬ 
stitution  by  means  of  ground  processing,  the  space 
segment  has  to  provide  at  least  two  diagonal  gravity 
tensor  components  with  an  accuracy  better  than 
10-'*  l/s>  which  is  equivalent  to  0.01  E.U..  With  the 
ARISTOTELES  sensors  Tyy  (across  track)  and  T22(radial) 
can  be  measured  with'Yhe  required  accuracy,  while  the 
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Fig.  1:  Comparison  of  the  Amplitude  of  Geological 
and  Oceanographical  Phenomena  with  envisaged 
ARISTOTELES  Sys  em  Performance 


signal  in  the  flight  direction  is  significantly 
degraded  because  of  drag  forces  and  consequently  less 
sensitive. 

Precise  a  posteriori  orbit  restitution  is  a 
prerequisite  for  the  accurate  gravity  field  recovery 
on  ground.  The  required  accuracy  is  about 

<  10  m  (radial) ,  and 

<  1000  ra  Ulong  and  across  track) 

HAGNETOHETER  MISSION  (OPTIONAL) 

Current  models  could  be  greatly  improved  by  a  detailed 
global  determination  of  the  Earth  magnetic  field  with 

-  an  accuracy  of  <  2  nT, 

with  a  spatial  resolution  of  100  *  100  km. 

Orbit  altitudes  at  200  km  and  700  km  are  of  great 
interest  for  this  optional  mission. 

POINT  POSITIONING  MISSION  (OPTIONAL) 

A  precise  measurement  of  absolute  and  relative  posi¬ 
tions  on  the  surface  of  the  Earth  will  enable  the  cor¬ 
rection  of  geodetic  reference  frames,  the  monitoring 
of  Earth  rotation  and  polar  motion,  of  plate  motions 
and  plate  boundary  deformations.  The  required  point 
positioning  precision  is 

-  for  baseline  up  to  100  km:  5  cm, 

-  for  baseline  up  to  1000  km:  10  cm. 

This  optional  mission  requires  an  orbit  raise  to  at 
least  700  km  and  an  additional  lifetime  of  3  years. 


5.  Mission  Scenario 

Due  to  the  diverting  requirements  for  the  primary  and 
secondary  mission  objectives  a  unique  mission  scenario 
is  required  for  ARISTOTELES  (see  Fig.  2).  After  dual 
launoh  together  with  an  ERS-type  satellite  by  an 
ARIANE  into  a  sunsynchronous,  near  polar  orbit  with 
about  780  km  altitude,  ARISTOTELES  will  drift  -  al- 
luady  in  an  opuialiunal  iiiuda  of  great  scientific 
interest  -  about  8  months  in  an  orbit  with  the  target 
inclination  to  achieve  the  dawn  dusk  local  time.  Then, 
after  a  descend  phase  of  one  month,  the  S/C  will 
operate  6  months  in  the  operational  orbit  for  the 
gravity  and  magnetic  field  mission  in  200  km  altitude, 
.'iubseqaently  an  orbit  raise  beyond  700  km  altitude 
wrli  allow  to  continue  for  another  3  years  point  posi¬ 
tioning  measurement  which  could  have  been  started 
already  after  in-orbit  commissioning  of  the  S/C. 


6.  Primary  Payload 


GRADIOMETER 

The  gradiometer  differential  measurements  of  accelera¬ 
tions  allow  to  derive  components  of  the  gravity  gradi¬ 
ent  tensor  (T) .  The  instrument  named  GRADIO  comprises 
four  ultrasensitive  accelerometer  measurements 
attached  to  the  corners  of  a  quadratic,  stiff  plate 
(see  Fig.  3).  The  sensors  derive  accelerations  from 
the  forces  that  are  necessary  to  keep  an  electro¬ 
statically  suspended  proof-mass  in  its  nominal  posi¬ 
tion.  A  calibration  device  in  the  instrument  center 
allows  to  match  alignment  and  scale  factors  of  the 
individual  sensors.  The  gradiometer  provides  highly 
accurate  measurements  in  across  track  and  radial 
direction. 

The  instrument  is  accommodated  in  the  S/C  such  that 
its  plane  is  perpendicular  to  the  flight  direction  and 
that  the  instrument  and  the  S/C  centers  of  mass  coin¬ 
cide.  Xsostatic  mounting  avoids  any  stress  or  deforma¬ 
tion  from  being  transferred  to  the  instrument. 
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Fig.  2:  ARISTOTELES  Mission  Scenario 


Fig.  3:  Gradiometer  Configuration 


MICROWAVE  TRA.CKING  SYSTEM  (MTS) 

The  microwave  tracking  system  has  to  provide  exact 
orbit  determination  measurements  during  the 
ARISTOTELES  mission.  The  system  will  comprise  a  space 
segment,  presumably  7  operatiunal  tracking  ground 
stations  and  o  number  vf  scientific  ground  stations  to 
be  defined  in  the  near  future.  The  general  tracking 
principle  is  outlined  in  Fig.  4. 
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Fig.  A:  HTS/PRARE  Tracking  Principle  (Ph.Hart.1,  1985) 


7.  Optional  Payload 

To  benefit  as  much  as  possible  from  the  rather  unique 
mission  parameters  of  ARISTOTELES  -  6  months  in  a 
200  km,  near  polar  orbit  -  the  payload  should  be  com¬ 
pleted  by  a  GPS  receiver  and  a  magnetometer  in  order 
to  support  the  primary  mission  and  to  enlarge  the 
scientific  mission  objectives. 


MAGNETOMETER 

Scalar  and  vector  magnetometers  have  been  studied  as 
potential  payloads  to  measure  the  Earth  magnetic  field 
related  vith  core  and  crustal  processes.  For  the 
vector  magnetometer  the  EMC  requirements  together  with 
the  stringent  pointing  knowledge  requirement  demand 
for  a  very  stiff  boom  and  an  optical  alignment  system 
which  could  not  be  accommodated  under  the  given  con¬ 
straints.  Fresently,  trade-offs  resulted  in  the  use  of 
two  already  existing  fluxgate  magnetometers,  however 
only  used  for  scalar  measurements  as  the  preferred 
solution.  This  allows  differential  measurements 
similarly  to  GRADIO,  in  order  to  identify  spacecraft 
impacts  on  the  scientific  data. 

GLOBAL  POSITIONING  SYSTEM  (GPS) 

The  use  of  the  well  know  GPS  (see  e.g.  van  Leeuwen, 
et  al.  1985)  could  ease  the  operational  orbit  deter¬ 
mination  significantly.  To  meet  the  orbit  determina¬ 
tion  requirements  for  the  gravity  field  restitution 
with  GPS  seems  at  least  questionable.  However  the  GPS 
can  complete  the  gravity  field  recovery  in  the  range 
of  long  wavelengths,  i.e.  in  the  range  where  the 
GRADIO  can  hardly  meet  the  requirement,  due  to  extreme 
stability  demands. 


8.  Satellite  Configuration 

The  GRADIO  instrument  has  dictated  most  of  the  prin¬ 
cipal  features  incorporated  in  the  satellite  con¬ 
figuration  (see  Fig.  5).  The  need  to  fly  GRADIO  at  the 


minimum  possible  altitude  results  in  a  significant 
drag  force.  To  provide  a  mission  of  sufficient  dura¬ 
tion  for  recovery  of  adequate  scientific  data,  the 
effect  of  the  drag  must  be  minimised.  The  cross  sec¬ 
tional  areas  presented  to  the  "airflow"  is  thus  re¬ 
duced  resulting  in  a  long  slender  satellite  body 
limited  by  accommodation  constraints  of  the  launcher 
assembly.  The  electrical  energy  demand  requires  solar 
array  wings  -  in  addition  to  the  body  mounted  solar 
arrays  -  but  these  must  be  edge  on  the  airflow  to 
minimise  drag  and  large  disturbance  torques  on  the 
satellite  and  the  GRADIO.  In  consequence  it  is  only 
possible  to  fly  in  near  dawn-dusk  orbits. 

Since  the  GRADIO  instrument  measures  the  gravity  field 
of  the  satellite  as  well,  unusual  consequences  result 
for  the  satellite  internal  layout.  The  instrument  must 
be  placed  not  only  at  the  centre  of  gravity  of  the 
vehicle,  but  this  centre  of  gravity  must  also  be  the 
neutral  point  for  the  gravitational  attractions  of  all 
components  to  minimise  their  influence.  Symmetry  is 
thus  of  major  importance,  and  the  heavier  units  should 
be  placed  as  far  away  from  GRADIO  as  possible.  The 
supporting  electronic  subsystems  contained  in  pods  on 
the  sides  of  the  body  meet  this  requirement,  while 
also  assisting  thermal  stability  of  GRADIO  by  keeping 
variable  heat  generation  remote  from  the  instrument. 

The  largest  masses  are  however  the  fuel  in  the 
16  tanks.  Under  manoeuvring  accelerations  the  fuel  in 
the  tanks  normally  moves  or  "sloshes".  To  reduce  this 
effect,  tanks  with  stable  metal  diaphragms  are  used, 
restraining  the  fuel  to  one  end  of  the  tank.  The  fuel 
used  during  the  period  of  GRADIO  measurements  also  is 
contained  only  in  the  outer  tanks,  i.e.  furthest  from 
GRADIO.  The  fuel  in  the  inner  tanks  is  used  during 
initial  manoeuvres  to  place  ARISTOTELES  into  the  cor¬ 
rect  orbit.  In  addition,  the  symmetry  requirement  can 
only  be  met  by  controlling  fuel  consumption  in  the 
individual  tanks,  in  order  to  maintain  the  centre  of 
gravity  within  fractions  of  a  centimetre  of  the  GRADIO 
centre.  Such  a  procedure  is  almost  unique  to 
ARISTOTELES. 

To  achieve  the  magnetic  cleanliness  requirements  the 
magnetometers  will  be  accommodated  on  a  deployable 
boom  of  about  3  m  length,  which  is  stowed  along  the 
spacecraft  and  deployed  in  the  flight  direction.  This 
is  the  most  preferred  location  of  the  magnetometer  to 
avoid  any  impact  from  contamination  by  thrust  plumes 
and  from  plasma  wake  effects. 

The  MTS  antenna  will  be  accommodated  at  the  nadir 
oriented  solar  array  to  guarantee  an  unobstructed 
field  of  view  to  Earth.  Although  this  is  not  the  best 
location  from  a  stability  point  of  view,  the  error 
contribution  is  acceptable. 


Tab.  1:  ARISTOTELES  Satellite  Characteristics 


•  Satellite  Hass  dry  960  kg 

launch  1990  kg 

•  GRADIO  mass  65  kg 

•  Opt.  Payload  mass  35  kg 

•  Power  at  Solar  Array  1080  K 

•  GRADIO  Power  Consumption  60  H 

•  Opt.  Payload  Power  Consump.  25  W 

•  S-Band  Telemetry  1  Mbps 

•  Data  Storage  (36  h)  >  260  Mb 
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Fig.  5:  ARISTOTELES  Satellite  Side  View  (+y) 


9.  Satellite  Subsystem  Characteristics 

The  majority  of  the  subsystem  for  the  3-axis  stabi¬ 
lized  APXSTOTELES  spacecraft  are  conventional  in 
character  with  special  attention  being  paid  to  satel¬ 
lite  structural  and  thermal  effects  on  GRADIO.  How¬ 
ever,  the  performance  of  the  attitude  and  orbit  con¬ 
trol  system  is  intimately  linked  with  the  orientation 
and  control  of  GRADIO  and  thus  to  the  quality  of  the 
instrument  data  output.  Because  the  instru.-nent  is 
attached  to  the  spacecraft  structure,  it  is  directly 
affected  by  drag  forces  and  spacecraft  disturbances, 
placing  high  demands  on  control  accuracy  and  stabili¬ 
ty.  To  control  air  drag  variations  within  the  band¬ 
width  of  G.IADIO,  aerodynamic  flaps  are  necessary  to 
smooth  out  the  drag  variations  to  one  percent  of  the 
original  values.  Consequently  particular  attention 
must  be  paid  to  the  development  of  a  satisfactory 
AOCS/RCS  subsystem. 


10.  Gravity  Recovery  System  Performance 

The  grayity  field  recoyery  system  performance  is 
dictated  firstly  by  the  performance  of  the  spaceborne 
sensor,  which  is  in  fact  the  spacecraft  itself  and 
secondly  by  the  performance  of  the  ground  processing. 
Based  on  a  global  gravity  field  recovery  simulation 
(R.  Benz,  et  al.,  1988)  the  basic  system  requirements 
could  be  defined  from  Fig.  6. 


Fig.  6;  Relationship  between  System  Performance. 

Instrument  Accuracy  and  Main  System  Para¬ 
meters 


The  figures  demonstrate  that  in  a  s'..x  months  mission 
the  system  requirements  can  be  met  with  sufficient 
margin  by  means  of  a  non-drag-free  planar  gradiometer 
with  A  accelerometers  ultrasensitive  at  least  in  two 
orthogonal  directions.  The  instrument  accuracy  has  to 
be  better  than  0.01  E.U.  in  both  directions.  Local 
gravity  field  recovery  could  be  even  better.  A 
detailed  performance  analysis  of  the  space  segment 
resulted  in  the  gravity  measurement  performance  as 
outlined  in  Fig.  7. 


11.  Conclusions 

The  ARISTOTELES  system  study  (R.  Benz  et  al.,  1988} 
proved  that  a  spaceborne  gradiometer  can  meet  an  Earth 
gravity  field  determination  requirement  of  better  than 
S  mgal  with  a  spatial  resolution  of  100  km  half  wave¬ 
length.  The  required  orbit  altitude  is  about  200  km  or 
less  with  an  instrument  accuracy  of  better  than 
0.01  E.U.  given  that  at  least  the  tensor  components 
Tyy  (across  track)  and  (radial)  were  measured. 

From  a  technical  point  of  view  the  accommodation  of  a 
magnetometer  and  of  a  GPS  receiver  is  possible  in 
principle  as  well  as  the  orbit  raise  for  a  Point 
Positioning  Mission  of  additional  three  years. 

Definitely  ARISTOTELES  could  provide  substantial 
information  for  an  improved  scientific  understanding 
of  the  Solid  Earth  and  for  various  applications  of 
vital  human  interest. 
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TWO  WAY  SATELLITE  COMMUNICATION  FOR  TELEMETROLOGY 
AND  REMOTE  CONTROL 

H. HANEBREKKE 

Division  of  Telecommunication,  The  Norwegian  Institute  of  Technology 
TRONDHEIM,  NORWAY 


ABSTRACT  —  Low  data  rate  satellite  communication  to  fixed  and  floating  buoys  at  sea,  remote  observation  stations,  and  fishing 
vessels  is  studied.  Particular  attention  is  paid  to  norwegian  conditions  i.e.  high  latitude  and  high  mountains.  Coverage  and  reliability 
measurements  have  been  done  along  the  coast  of  western  and  northern  Norway,  and  on  major  roads  in  southern  Norway  utilizing 
INMARSAT  C  and  PRODAT  stations.  In  the  coastal  areas  we  find  a  reasonable  good  coverage  v;ith  only  5%  loss  of  messages  when 
both  the  AOR  and  lOR  satellites  are  used  from  the  same  location,  whereas  the  land  mobile  experiments  gave  40  to  70  %  loss 
depending  on  the  elevation  angle.  Presently  we  are  investigating  the  possibility  of  using  INMARSAT  C  or  PRODAT  stations  in  the 
major  fishing  areas  between  Norway,  Greenland,  and  Svalbard  and  in  the  Barents  Sea.  A  new  method  of  data  collection  from  ocean 
areas  based  on  the  fishing  fleet  is  proposed. 

Satellite  communication  -  Telemetry  -  Remote  control. 


1.  INTRODUCTION 

The  use  of  satellites  has  to  a  large  extent  contributed  to 
the  collection  of  data  from  rural  areas.  The  vast  majority  of 
data  stems  from  satellites  in  low  polar  orbits.  These  platforms 
are  usually  carrying  optical  or  infrared  sensors  aimed  to  study 
particular  items  on  a  global  basis  such  as  land,  ocean,  ice  cover 
or  atmosphere.  Next  generation  satellites  will  also  carry 
synthetic  aperture  radars  (SAR)  which  make  it  possible  to 
observe  land  and  ocean  when  covered  with  cloudes  These 
methods  collect  a  vast  amount  of  data  that  have  to  be  post- 
processed.  This  is  a  costly  procedure  which  in  most  cases 
results  in  time  delay  between  measurement  and  presentation. 
The  resolution  is  often  too  low  to  observe  phenomena  of 
interest  and  the  observed  signature  is  solely  determined  by  the 
radiating  surface  and  the  underlaying  area  close  to  the  surface. 
Thus  in  many  situations  it  is  desirable  to  perform  measure¬ 
ments  in  situ  to  obtain  more  exact  information  about  temp¬ 
erature,  chemical  composition,  and  biological  contents.  The 
data  can  be  used  as  stand  alone  data  or  in  combination  with 
other  remote  sensing  information. 

Deployed  radio  transmitters  on  buoys  at  sea  and  on  ice¬ 
bergs  have  been  used  for  several  years.  In  later  years  low  orbit 
satellites  have  been  utilized  to  collect  data  from  such  tra.is- 
mitters.  Several  norwegian  companies  and  laboratories  have 


used  low  orbit  satellites  to  convey  data  from  buoys  to  their 
base  stations  in  Norway.  The  Norwegian  Hydrotechnical 
Laboratory  (NHL)  has  used  the  ARGOS  system  which  is 
implemented  on  two  NOAA  satellites,  to  collect  data  from  the 
Arctic  Ocean  to  study  ice  drift  and  ice  conditions.  The  same 
system  has  also  been  used  to  study  ocean  waves  at  the  coast  of 
Tonga  in  the  Pacific  in  planning  a  wave  power  plant.  The 
Oceanographic  Company  of  Norway  (OCEANOR)  are  con¬ 
veying  oceanographic  measurements  via  the  same  satellite 
system  from  buoys  in  ocean  areas  around  the  earth. 

The  data  collection  is  relying  on  one  way  communication 
from  the  buoys.  The  sensors  are  preprogrammed  to  take 
measurements  at  regular  intervals  and  traiisimt  the  rcMili 
when  the  satellite  is  passing.  The  data  arc  reccucii  from  ihc 
base  earth  station  after  a  delay  of  3  to  1  lioiir.N  I'licvc  u-  .lo 
possibility  to  change  this  procedure  when  the  Inio).'  .r.e 
deployed.  This  excludes  interaetire  rhoue  of  .'eii>oi.'  .r..,'. 
remote  control  of  the  station  if  intere.Nlnii;.  i.i|n,il\  .hr.'. 
phenomena  occur.  It  also  pretlinle.-.  tlie  iu'.vmImIuj  i.'  h  a.. 
software  into  the  .station  when  that  is  ilenie.!  1'.'  .>\ c... 
these  incoiivenieneies  lliere  is  .i  I'.iowiiii',  .lem.iml  (.■.  »  .....% 

rate  two  way  radio  links  via  s.ilellile 

This  recognition  has  led  ns  I.  iiii.li ii.ike  a  .. 

coiiiiiiniiicatioii  possibilities  foi  sm  h  sein...'.  wuh  .....'..a,  .  .  . 
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norwegian  conditions.  Particular  attention  has  been  paid  to  the 
communication  to  buoys,  drifting  icebergs,  and  the  norwegian 
fishing  fleet. 

2.  DEMAND  FOR  LOW  DATA  RATE  COMMUNICATION 

Mobile  satellite  communication  provides  service  inde¬ 
pendent  of  population  density  and  degree  of  remoteness  and 
thus  have  the  capability  of  providing  flexible  services  to  thinly 
populated  countries.  It  also  provides  a  means  of  uniGed 
communication  for  mobile  units  which  are  regularly  operated 
both  within  and  outside  the  coverage  area  of  terrestrial  mobile 
systems.  The  Norwgian  Teleadministration  is  this  year  intro¬ 
ducing  a  mobile  data  service,  Mobitex,  in  the  Trondheim 
region.  By  mid  1990  the  service  will  also  be  available  in  the 
regions  around  Oslo,  Bergen,  and  Stavanger,  but  it  will  take 
several  years  before  the  service  will  be  available  in  the  rural 
areas  of  Norway.  The  mobile  satellite  services  seem  therefore 
to  be  the  most  reasonable  alternative  for  low  data  rate 
communication  to  these  regions  in  the  90-ties. 

The  interest  for  collecting  marine  data  by  using  Gxed  or 
drifting  buoys  and  icebergs  has  increased  markedly  the  later 
years.  This  is  mainly  connected  to  the  exploitation  of  oil  in 
ocean  areas  around  the  earth,  but  also  by  the  increase  in 
mapping  and  monitoring  pollution  and  biological  contents  in 
the  sea.  Modern  buoys  collect  a  variety  of  data  and  the 
transfer  capacity  in  existing  communication  systems  is  too  low. 
Although  a  lot  of  signal  processing  is  done  in  the  buoys  the 
transmission  rate  is  the  bottleneck.  The  use  of  mobile  satellite 
stations  like  INMARSAT  C  or  PRODAT  seems  by  Grst  sight 
to  be  the  solution.  However,  the  power  consumption  in  these 
stations  is  10  to  15  W  in  idle  condition  and  this  is  far  too  high 
for  battery  powered  buoys.  New  designs  and  ~-v  methods 
should  be  considered  to  reduce  the  power  consumption  when 
the  stations  are  idle.  But  this  will  take  time  and  it  is  most 
likely  that  buoys  will  have  to  rely  on  low  orbit  satellites  for 
several  years. 

Perhaps  one  of  the  most  interesting  areas  for  low  data  rate 
mobile  satellite  communication  is  the  services  to  the  Gshing 
Geet.  These  include  data  net  service  to  the  vessels,  improved 
security  in  distress  and  rescue  operations,  and  telemetry  of 
marine  parameters  through  already  available  data  on  board. 

Data  bases  are  presently  being  set  up  to  serve  the 
norwegian  Gshing  Geet  and  the  norwegian  Gsh  farming 
industry.  The  aim  is  to  collect  relevant  data  from  sources  in 
Norway  and  abroad  and  make  them  available  for  inC  users  via 
mobile  terminals.  The  system  will  include  such  services  as  Gsh 
reports,  prices  and  market  conditions  for  Gsh  internationally, 
accounting  and  banking  operations,  and  weather  and  wave 
forecast  in  the  actual  ocean  areas.  These  services  will  be 


available  on  request  and  may  be  of  great  importance  for  the 
users.  Particulaily,each  Gshing  vessels  can  via  its  mobile 
station  ask  for  an  updated  weather  and  wave  forecast  for  its 
position  whenever  needed.  Only  low  data  rate  communication 
both  ways  is  needed  for  these  tasks. 

Here  we  propose  another  mode  of  operation,  namely  that 
of  data  collection  from  remote  Gshing  vessels.  Most  modern 
Gshing  vessels  are  well  equipped  with  electronic  measuring 
instrumentation.  Position,  wave,  wind,  current,  salinity  and 
temperature  may  be  measured  regularly  and  stored  on  data 
bases  on  board.  Even  sea  temperatures  and  other  quantities 
below  the  surface  can  be  measured  on  the  larger  trawlers. 
Through  a  polling  procedure  to  all  the  participating  ships  the, 
information  may  be  read  mto  central  data  bases  ashore  without 
any  attendance  of  the  ships  crew. 

The  participation  in  this  system  should  of  course  be  agreed 
on  by  the  ships  on  an  individual  basis.  There  may  be  hesitation 
in  providing  the  ships  position  in  such  a  polling  system. 
However,  by  doing  that  the  position  will  be  registered  for  each 
ship  and  in  case  of  rescue  the  position  is  known  to  the  rescuer. 

INMARSAT  C  or  PRODAT  stations  are  the  obvious 
choice  for  this  service  if  coverage  and  reliability  are 
satisfactory  in  major  Gshing  areas  between  Norway,  Greenland 
and  Svalbard,  and  in  the  Barents  Sea.  An  estimate  of  800  to 
1000  stations  for  the  norwegian  Gshing  Geet  is  envisioned. 

The  norwegian  lighthouse  system  consists  of  a  large 
number  of  buoys  and  lighthouse  stations.  In  the  future  most  of 
these  stations  will  be  unmanned  and  the  stations  will  be 
operated  either  automatically  with  frequent  inspections  or 
remotely  controled  and  monitored.  Remote  control  and 
monitoring  is  obviously  the  most  reliable  way  because  oper¬ 
ation  faults  can  be  descovered  immedately  and  measures  be 
taken  to  correct  the  fault.  Only  low  data  rates  are  required. 
This  service  could  be  operated  by  stations  similar  to 
INMARSAT  C  or  equivalent,  but  should  probably  not  be 
operated  in  the  frequency  bands  for  mobile  satellite 
communication.  Though,  if  the  capacity  of  the  mobile  systems 
are  sufGcient  the  inclusion  of  such  services  would  increase  the 
demand  for  stations  and  certainly  contribute  to  reduce  the  cost 
of  the  stations. 

The  management  of  hydro  power  resources  is  an  area  were 
small  transportable  stations  would  be  valuable.  Remote 
stations  for  monitoring  snow  cover  and  reservoir  Glling,  and 
remote  control  of  dams  are  tasks  that  can  be  well  managed 
with  low  data  rate  satellite  communication.  Surveillence  of 
remote  military  storages  and  pollution  monitoring  are 
others. Some  of  these  tasks  can  be  accomplished  by  Gxed  or 
semi-Cxed  stations.  However,  the  use  of  mobile  stations 
greatly  enhances  the  Qexibility  and  the  station  cost  will  be 
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lower  than  for  fixed  stations.  The  high  power  consumption  is  a 
problem  and  remote  stations  on  land  must  have  electric  power 
generators  to  charge  the  batteries  regularly. 

3.  SATELLITE  SYSTEMS. 

The  success  of  implementation  of  satellite  services  to 
mobile  stations  depend  on  the  reliability  of  the  services.  The 
majority  of  mobile  services  that  wilt  be  offered  in  the  next  5  to 
10  years  will  be  based  on  geostationary  satellites  with  some 
capacity  available  in  low  orbit  platforms.  The  low  elevation 
angle  in  ocean  areas  outside  northern  Norv/ay  and  the  com¬ 
bination  of  low  elevation  angles  and  high  mountains  in  Norway 
pose  particular  problems  for  communication  via  geostationary 
satellites.  In  figure  1  we  have  shown  contours  for  Qo  and  5® 
elevation  angles  from  the  MARECS  B2  and  INTELSAT 
MCS-A  satellites  which  are  used  for  the  INMARSAT  C 
service  together  with  0°  and  5®  contours  for  a  geostationary 
satellite  at  10°  E  as  proposed  in  the  PRODAT  concept.  Earlier 
measurements  [1],  [2]  with  INMARSAT  C  and  PRODAT 
suggest  that  it  should  be  possible  in  open  sea  to  operate  close 
to  0®  elevation  with  only  some  reduction  in  reliability.  If  this  is 


Fig.  1.  INMARSAT  C  and  PRODAT  elevation  angles  in 
the  Norwegian  Sea  and  the  Barents  Sea.  a)  lOR  satellite, 
b)  AOR  satellite  and  c)  satellite  at  10®  E. 

correct,  the  major  ocean  areas  of  the  Norwegian  Sea  and  the 
Barents  Sea  will  be  covered  by  geostationary  satellites.  In 
coastal  waters,  in  fjords  and  valleys  in  Norway  large  areas  lay 
in  shadow  from  high  mountains  and  can  not  be  reached.  The 
Arctic  region  is  another  area  which  can  not  be  served  by  geo¬ 
stationary  satellites. 

A  resent  study  of  commuiucation  possibilities  and 
demands  for  the  polar  regions  (3)  concluded  that  the 


commuincation  needs  in  these  areas  had  to  be  based  on  low 
orbit  polar  platforms  for  the  next  5  to  7  years.  The  intro¬ 
duction  of  high  elliptical  orbit  satellites,  HEO,  for  instance  in 
connection  with  NAVSAT,  should  then  offer  continuous  service 
towards  the  end  of  the  90-ties. 

HEO  satellites  would  solve  many  of  the  problems 
connected  to  mobile  services  in  Norway  and  in  the  Arctic 
region  offering  high  elevation  anlges  for  the  entier  area. 
However,  no  decision  have  so  far  been  made  to  implement  such 
a  system  and  communication  in  the  next  5  to  10  years  must  be 
based  on  geostationary  or  low  orbit  satellites. 

4.  EVALUATION  OF  SERVICE  COVERAGE  AND 
RELIABILITY. 

The  collection  of  data  from  buoys  via  low  orbit  satellites 
have  proved  to  be  successful.  As  mentioned  above  norwegian 
companies  and  research  establishments  have  utilized  the 
ARGOS  system  to  gather  oceanographic  data  from  oceans 
around  the  earth.  The  very  low  data  rate  capability  and  the 
fact  that  this  system  provides  only  one  way  communication 
have  initiated  a  search  for  a  more  powerful  two  way 
communication.  New  systems  such  as  INMARSAT  C  and 
PRODAT  are  presently  being  evaluated  for  this  and  other 
purposes.The  evaluation  is  based  on  field  trials. 

In  1987  coverage  tests  of  the  INMARSAT  C  system  along 
the  coast  of  western  and  northern  Norway,  and  inland  southern 
Norway  were  performed  in  collaboration  with  The  Norwegian 
Tele  Administration  (1).  The  experiments  were  based  on  the 
Enhanced  Group  Call  service  provided  by  INMARSAT  for 
coverage  tests.  Figure  2  shows  a  sketch  of  the  routes  that  were 
followed.  Signals  from  both  the  Atlantic  Ocean,  AOR,  and  the 
Indian  Ocean,  lOR,  satellites  were  utilized  for  the  measure¬ 
ments  along  the  coast  while  the  AOR  satellite  was  utilized  for 
the  land  mobile  experiment. 

With  the  lOR  satellite  INTELSAT  MCS-A  at  63®  E  the 
elevation  angle  varied  between  5.5®  and  8.1®  along  the  coast 
from  Bergen  to  Kirkenes.  This  is  a  reasonable  high  elevation 
and  would  give  good  reception  in  open  sea.  Due  to  mountains 
between  the  ship  and  the  satellite  on  parts  of  the  route  33  %  of 
the  messages  were  lost.  A  closer  look  at  the  results  shows  very 
good  reception  in  open  areas. 

With  the  AOR  satellite  MARECS  B2  at  26®  W  the  elev¬ 
ation  angle  (corrected  for  satellite  inclination)  varied  from 
18.6®  to  -0.2®.  In  this  case  16  %  of  the  test  messages  were  lost. 
All  losses  were  observed  in  the  area  north  of  Lofoten  and  only 
one  of  the  received  messages  was  corrupted. 

Combining  the  results  from  the  two  satellites  only  5  %  of 
the  messages  were  lost  from  both  satellites  at  the  same  time. 

The  landmobile  experiments  gave  an  average  of  40  to  70  % 
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loss  with  elevation  angles  varying  between  IT®  and  7®.' 
However,  long  periodes  were  observed  when  communication 
was  not  possible  due  to  mountains,  hills,  and  trees  between  the 
mobile  and  the  satellite. 

This  year  a  land  mobile  experiment  was  done  with  the 
PRODAT  system.  A  PRODAT  station  was  mounted  on  a  car 
and  a  route  from  Trondheim  to  Nordfjord  on  the  west  coast 
and  back  to  Trondheim  were  chosen  as  shown  in  figure  3.  This 
route  is  a  combination  of  open  areas  and  narrow  fjords.  The 
station  was  operated  continuously  with  the  car  moving.  Telex 
messages  adressed  to  ourselves  were  sent  to  the  Villafranca 
earth  station  and  returned  back  to  the  car.  Excellent 
transmission  and  reception  were  observed  when  the  station  was 
synchronized  to  the  satellite  signal,  but  for  about  50  %  of  the 


Fig.  2.  Test  routes  for  evaluation  of  INMARSAT  C  system 
in  Norway. 

time  the  station  was  out  of  synchronism  because  of  mountains. 

Presently  we  are  investigating  the  ocean  areas  between 
northern  Norway  and  Svalbard.  The  aim  is  to  test  the  reli¬ 
ability  of  INMARSAT  C  and  PRODAT  at  very  low  elevation 
angles  and  to  demonstrate  low  data  rate  services  to  the  nor- 
wegian  fishing  fleet.  We  plan  to  operate  both  stations  on  the 
same  ship  for  comparison.  However,  there  has  been  a  delay  in 
the  delivery  of  the  INMARSAT  station  so  the  first  cruise  will 
have  a  PRODAT  station  only.  The  stations  will  be  operated  on 


Fig.  3.  Test  route  for  evaluation  of  PRODAT  land  mobile 
system  in  Norway. 


a  continuous  basis  by  recording  information  about  the  received 
data  vectors,  position,  and  weather  and  wave  conditions.  Telex 
service  will  be  tested  regularly  by  sending  messages  between 
the  ship  and  the  base  ashore  and  by  adressing  messages  back  to 
the  transmitte.r.  Provisions  have  also  been  made  to  supply 
news  from  a  local  area  newspaper  and  to  transmit  meteorologic 
data  for  the  ships  position  on  request  from  the  crew. 


5.  CONCLUTIONS 

Two  way  low  speed  satellite  communication  for  remote 
data  collection  and  remote  control  have  been  studied.  The  new 
mobile  services  like  INMARSAT  C  and  PRODAT  are  pro¬ 
mising  for  many  of  the  tasks.  The  power  consumption,  how¬ 
ever,  is  too  high  for  use  on  buoys  and  other  stations  without 
electric  power  generation.  Tests  have  been  performed  to 
evaluate  these  stations  for  use  inland  and  along  the  coast  of 
Norway.  A  new  system  for  marine  data  collection  based  on  the 
fishing  fleet  is  proposed  and  we  are  presently  doing  field  tests 
on  fishing  vessels  in  the  ocean  between  mainland  Norway  and 
Svalbard  to  evaluate  the  reliability  with  elevation  angles  close 
toO®. 
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AND  RESOLUTION  OF  A  SAR  IMAGE. 
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Specific  geometry  of  SAR  acquisition  is  highly  sensitive  to  slopes  and 
involves  geometric  and  radiometric  deformations  on  radar  imagery. 

In  order  to  be  able  to  properly  interpret  informations  in  mountainous 
regions,  it  is  necessary  to  carefully  quantify  the  effects  of  the  relief  on  the 
SAR  image. 

The  purpose  of  tliis  study  is  to  point  out  the  influence  of  the  relief  on  spatial 
resolution,  in  order  to  correct  for  radiometric  distortions. 

The  method  which  is  used  consists  in  simulating  the  radar  point  spread 
function  and  studying  how  it  is  distorted  by  various  reliefs. 

A  preliminary  work  assimilated  the  relief  to  its  locally  tangent  plane  and 
studied  the  influence  on  the  spatial  resolution,  of  changing,  for  the  tangent 
plane,  inclination  and  orientation  relative  to  the  radar  beam. 

The  logical  continuation  of  this  work  is  to  improve  to  the  second  order  the 
model  of  the  relief,  and  take  into  account  the  radius  of  curvature  of  the 
relief,  especially  in  the  case  of  very  extended  radar  responses  (i.e.  when 
slopes  are  perpendicular  to  the  beam). 

The  question  is  to  find  a  criterion  on  the  radius  of  curvature  and  on  the 
slope,  according  to  which  the  approximation  of  the  relief  to  its  tangent  plane 
is  satisfying  or  not. 

For  that  purpose,  we  first  compute,  at  each  point  M  of  the  ground,  the 
radius  of  curvature  of  the  relief,  in  the  two  principal  directions  of  the 
considered  digital  elevation  model.  Then,  in  those  two  directions,  we 
assimilate  the  relief  to  the  osculating  circle  at  the  given  point  M  and 
therefore,  we  are  able  to  calculate  the  surface  of  the  point  spread  function 
projected  on  the  ground,  in  order  to  compare  it  with  the  tangent  plane 
approximation  results. 

The  method  is  tested  on  a  simulated  sinusoidal  relief,  and  then  the  obtained 
criterion  is  applied  to  a  real  DEM  on  the  mountainous  region  of  the  Jura 
(France). 

The  final  aim  of  this  study  is  to  obtain  an  analytical  computing  tool  allowing 
the  determination  of  ambiguous  points  in  a  SAR  image  and  the  actual 
losses  of  contrast  and  radiometry  due  to  the  relief. 
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ABSTRACT 

The  purpose  of  the  present  effort  is  to  explore  the  combination  of 
techniques  for  shape  from  shading  with  stereo-radargrammetry  to 
produce  terrain  surface  models  using  multiple  SAR  imagery. 

The  use  of  local  variations  in  pixel  shading  as  an  indicator  of  terrain 
slope  changes  represents  an  opportunity  for  increasing  the  accuracy 
of  terrain  mapping  over  that  which  is  available  fiom  stereo- 
radargrammetry  alone.  Shape  from  shading  can  potentially  provide 
a  relative  changes  in  height  at  each  pixel.  This  leads  to  a  denser  set 
of  height  measurements  and  a  more  faithful  rendition  of  the  local 
terrain  shapes.  However,  some  additional  type  of  boundary  values 
or  terrain  low-frequency  information  is  required.  These  can 
obtained  from  stereo  or  from  altimeter  measurements. 

Two  essentially  different  types  of  approaches  are  considered. 
Preliminary  results  using  teal  SAR  imagery  are  encouraging. 


1.  INTRODUCTION 

Shape  from  shading  requires  the  formulation  of  the  reflectance  map, 
which  is  an  analytic  description  of  the  relationship  between 
radiometric  image  values  I  (x,y),  surface  coordinates,  and  image 
sensing  vectors.  We  will  assume  the  following  parameters  are  the 
determinants  of  the  reflectance  map,  R  [Frankot,Chellapa,87]: 

(1)  I(x,y)  =  R(Zx,Z,.b,l,n) 

where: 

Zj  .Zy  =  slopes  in  x  and  y  directions 
b  =  illumination  vector 
1  =  boresight  vector 
n  =  albedo 

Note  that  for  radar,  b  =  1 

The  image  gray  values  are  then  the  discretized  levels  between  the 
minimum  and  maximum  radiometric  values. 


An  exact  functional  relationship  among  these  variables  is 
intractable  to  derive  analytically,  and  in  the  past  has  been  the 
subject  of  empirical 

studies  and  some  simplified  modeling  of  the  scattering  mechanisms 
involved. 


However,  in  many  shape  from  shading  studies,  for  example 
lWildey,86],  tho  reflectance  map  is  simply  the  product  of  a  constant 
scattering  cross  section  coeHlcient,  de^ndent  onl)r  on  an  assumed 
constant  albedo  value,  and  the  cosine  of  the  local  incidence  angle, 
ie.  the  angle  between  the  illumination  vector  and  the  local  terrain 
surface  normal  vector.  In  the  single  image  case,  there  is  a 
fundamental  ambiguity  between  changes  in  albedo  and  slope  when 
a  change  in  shading  is  encountered. 

Such  a  model  assumes  that  the  scattering  cross  section  coefficient 
so,  does  itself  not  v^  with  local  incidence  angle.  In  order  to 
simplify  the  computations  involved,  this  is  the  model  that  has  been 
assumra  in  the  present  study.  More  complex  models  of  the 
reflectance  map  will  be  used  in  follow-on  efforts. 

A  major  difficulty  with  single  image  approaches  to  shape  from 
shading  is  the  assumption  of  uniform  albedo.  Another  atfflculty 
with  shape  from  shading  is  that  the  problem  is  mathematically 
underdetermined  without  boundary  conditions.  In  general,  the 
shading  information  from  single  pixels  merely  implies  a  cone 
constraint  for  the  local  surface  normal.  Continuity  assumptions 
connect  the  estimated  directions  for  neighboring  pixels,  and  prevent 
independent  solutions  for  each  separate  pixel. 

Another  constraint  involves  the  notion  of  "integiability". 
Analytically,  this  condition  implies  that: 

(2)  Z^y(x,y)  =  Zyx(X,y) 

where  z(x,y)  is  the  analytical  expression  for  the  height. 

This  analytic  condition  is  just  the  intuitive  condition  that  heights 
can  be  integrated  along  any  path,  since  these  values  are  independent 
of  the  path  of  integration.  In  practice,  enforcing  this  condition  also 
acts  as  a  smoothing  process  on  the  computed  terrain  surface. 

Still  another  constraint  is  "regularization".  This  term  effectively 
limits  the  amount  of  allowable  oscillation  in  the  computed  terrain 
surface. 

Two  essentially  different  approaches  for  reconstructing  the  surface 
are  discussed  in  this  papaer.  Approach  #1  consists  of  two  variations 
which  involve  a  multiple  image  generalization  of  the  method  in 
[Frankoi,Chellapa,S7].  The  latter  approach  formulates  the 
reconstruction  problem  as  the  minimization  of  a  cost  function 
which  contains  two  types  of  terms. 
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The  first  type  of  term  is  a  measure  of  the  difference  between  the 
pixel  gray  values  of  an  actual  image  versus  the  values  predicted 
using  the  current  estimated  terrain  model.  Because  of  the 
mathematically  ill-posed  nature  of  such  inverse  problems 
[Baltes.SO],  solutions  which  minimize  this  term  will  lead  to  very 
oscillatory  terrain  estimates. 

Therefore,  the  second  type  of  term  is  a  regularization  tenn  which 
acts  as  a  penalty  function  to  limit  the  amount  of  terrain  oscillations. 
In  this  way,  solutions  to  the  combined  metric  represent  a 
compromise  between  faitliful  image  prediction  and  terrain  slope 
variations.  The  reconstruction  problem  is  thus  formulated  as  a 
calculus  of  variations  problem  whose  solution  is  obtained  using  the 
Euler-Lagrange  equations. 

Such  methods  tend  to  be  robust  with  respect  to  noise  because  they 
tend  to  distribute  the  effects  of  noise,  rather  than  accumulating  them 
as  in  an  integration  algorithm. 

However,  most  of  the  earlier  work  done  using  the  variational 
approach  tended  to  produce  solutions  that  did  not  satisfy  the 
condition  of  integrability.  One  approach  lHorn,86]  used  a  penalty 
function  to  drive  the  iterated  solution  toward  integrable  solutions.  In 
practice,  this  meant  that  the  computed  solution  usually  was  only 
"close"  to  being  integrable.  A  step  in  the  right  direction  was  taken 
in  [Frankot,Chellapa,871  wherein  the  latest  estimated  solution  was 
projected  onto  an  integrable  subspace  of  solutions  on  every 
iteration. 

However,  both  variations  of  Approach  #1  require  the  mutual 
registration  of  multiple  images.  Because  such  registrations 
generally  involve  residual  errors,  an  iteration  between  registration 
and  terrain  reconstruction  is  generally  required. 

Approach  #2  for  multiple  imagery  involves  a  set  of  simultaneous 
equations  which  relate  slope-induced  shading  and  height 
measurements  to  the  Fourier-  series  coefficients  of  the  terrain 
model. 

2.  ALGORITHMS  FOR  SHAPE  RECONSTRUCTION 

2.1  General 

Section  2.2  discusses  the  two  variations  of  approach  #1,  the  N- 
image  generalization  of  the  method  in  [Frankot,  Chellapa.87].  A 
very  brief  description  of  approach  #2  is  given  in  section  2.3. 

2.2  Approach  #1;  Generalizations  of  Frankot's  and  Chellapa's 
Method 

The  two  generalizations  of  Frankot's  and  Chellapa's  method  involve 
generalizing  the  cost  function  or  combining  separately  derived 
models  using  projccticn  in  Fourier  space.  These  approaches  follow 
in  the  next  two  sections.  A  discussion  of  the  incorporation  of  spot 


heights  derived  from  stereo  into  the  reconstruction  is  described  in 
section  2.2.3. 

2,2.1  -Variation  A:  Generalized  Cost  Function 

One  approach  to  a.i  N  image  generalization  of  the  approach  m 
[Frankot,  Chellapa,87]  is  to  generalize  the  cost  function. 


The  cost  function  that  was  minimized  was: 


where 

I  =  Actual  image 
R  =  Reflectance  map 
ur  =  Slope  in  the  range  direction 
uy  =  Slope  in  the  azimuth  direction 
urr  =  Second  pmial  derivative  of  u  in  the  range  direction 
ury  =  Partial  derivative  of  u  with  respect  to  r,y  directions 
uyy  =  Second  partial  derivative  of  u  in  the  y  direction 

X=  ReguIari,.ation  parameter  that  controls  the  amount  of  curvature 
in 

the  derived  height  model. 

A  generalization  of  the  algorithm  to  N  images  minimizes  the 
following  cost  function  (superscripts  refer  to  image  number): 

(4) 


C  =  (I •-R*)2-f (I2-R2)2+...  (P-Rn)2+X(U2.F2U2y-t-U2 


Using  the  generalized  cost  function  for  N  images  we  have  [Thomas 
et  al,89]: 

(5)  i"-R")R!l,) 

Uy  =  U;+^(U-Rl)Ri^+,..+(  P-R")R!}p 

In  the  generalization  presented  above,  it  is  assumed  that  the 
reconstructed  terrain  model  and  all  images  are  in  the  same  co¬ 
ordinate  system.  In  general,  this  assumption  is  not  valid,  unless  the 
images  are  rectified  and  registered.  Because  of  registration 
problems,  this  algorithm  is  not  as  effective  as  the  one  discussed  in 
the  next  section  section. 


This  model  containing  the  surface  facet  slopes  for  each  terrain 
clement  in  the  estimated  model  is  converted  to  a  mtxlel  containing 
height  values  using  the  Fourier  projection  technique  of  [Frankot, 
Cheilapa,  87).  This  process  is  performed  on  every  iteration  of  the 
complete  algorithm.  This  Fourier-  based  technique  is  generalized  in 
the  next  section. 

2.2.2  Variation  B:  Combininp  Models  Using  Fourier  Projection 

Another  approach  for  generalizing  the  reconstruction  process  to  N 
images  is  to  combine  single  image-derived  models  in  the  Fourier 
projection  stage  of  the  algorithm  in  [Frankot,  Cheilapa,  87]  This 
.approach  is  superior  to  the  previous  cost  function  generalization 
and  is  discussed  below. 

In  order  to  handle  the  case  where  the  different  images  are  in 
different  coordinate  systems  (e.g.  different  slant-range  projections), 
an  integrability  projection  based  algorithm  has  been  developed.  In 
this  approach  the  slope  information  (as  opposed  to  pixel  values)  for 
each  pixel  from  the  different  images  are  combined  in  the 
integrability  projection  stage  to  derive  a  composite  elevation  model 
The  differences  in  the  co-  ordinate  systems  from  one  image  to  the 
next  are  handled  by  a  rotational  co-ordinate  transformation  and 
resampling.  The  rotational  transformation  that  would  be  used  is 
exactly  (he  transformation  used  in  [Frankot,  Chellapa,87)  to 
approximate  the  SAR  imaging  geometry.  T.e  following  equations 
are  developed  for  the  two  image  case  and  are  readily  extended  to 
the  N  image  case. 

In  this  approach  the  iterative  form  for  a  single  image  is  used  to 
derive  a  set  of  slopes  for  each  of  the  images  separately.  These 
slopes  are  then  simultaneously  projected  on  to  an  integrable  surface 
as  follows: 
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The  estimated  non-integrable  slopes  for  image  (1)  are  Zj,  Z},  and 
the  estimated,  non-integrable  slopes  for  image  (2)  arc  Zj , 

Let  the  integrable  slopes  be  Zx  ,Zy . 

The  projection  at  each  iterate  is  attained  by  minizing  the  following 
distance  function: 

(6) 


d=  (z,-z;f+(Z,-3f  -f(2;,-z2)\(Zy-z2)\(Zy-2 


to  get  the  following  equation  as  shown  in  [Thomas  et  al.  89). 

(C1+C2)Px+(C2+C4)Py 
(7)  ^  2(Px+Py) 

where 

C,  Cl,  C2,  C3,  C4  represent  the  Fourier  coefficients  of  Z,  Zl,  Zj, 
Zi ,  Zy  and  Z  represents  the  desired  integrable  surface. 

Our  experience  on  synthetic  test  imagery  indicates  that  convergence 
was  attained  with  far  fesver  iterations  using  the  multiple  image 
algorithms  than  with  the  single  image  version. 

2.2.3  Reinforcement  of  Snot  Heiehts 

Another  modification  of  the  single-image  algorithm  is  the 
correction  of  estimated  heights  in  the  Fourier  projection  step 
described  above,  to  take  into  account  a  priori  knowledge  of  some 
spot  heights  gained  from  stereo.  Such  spot  height  values  represent 
constraints  on  the  estimated  values.  Conceivably,  such  constraints 
could  be  reinforced  at  each  iteration. 

However,  reinforcement  at  each  iteration  of  a  "hard"  constraint, 
such  as  these  spot  heights,  tends  to  cause  an  oscillatory  "ringing"  in 
the  estimated  surface.  Therefore,  such  corrections  ate  presently 
made  in  a 

"soft"  mode.  This  means  that  corrections  are  made  using  a  given 
fraction  of  the  difference  be' ween  the  constraint  value  and  the 
estimated  value  at  each  iteration.  As  the  iteration  number  increases, 
the  fraction  of  the  difference  between  the  constraint  value  and  the 
estimated  value  can  be  allowed  to  increase. 

The  use  of  a  soft  version  of  a  constraint  rather  than  a  "hard" 
constraint  is  generally  useful  in  iterative  optimization  problems, 
since  there  may  be  no  connected  path  from  a  suboptimal  solution  to 
the  optimal  solution  which  satisfies  the  hard  constraint.  However, 
by  continuity,  a  path  exists  consisting  of  suboptimal  solutions 
which  satisfy  soft  constraints. 

There  were  some  robustness  problems  observed  in  this  spot  height 
reinforcement  process  during  the  simulations.  Near  pe.aks  and 
troughs  of  a  smoothly  varying  surface,  there  was  an  observed 
"undershoot"  and  "overshoot"  of  the  constructed  surface.  The 
reconstruction  process  appears  to  be  somewhat  ill-conditioned  in 
those  regions,  since  there  is  almost  no  difference  between  predicted 
and  sensed  gray-values.  The  leiiifuiceiiicut,  on  any  itcratior,,  of  spot 
heights  in  such  regions  appears  to  be  reduced  by  the  algorithm  on 
subsequent  iterations. 

Future  follow-on  efforts  will  investigate  other  approaches  lor 
reinforcing  spot  heights  within  the  framework  of  this  algoriihin. 
One  possible  approach  consists  of  reinforcing  entire  subregions 


around  the  spot  height. 

2.3  Approach  #2.  Simultaneous  Equation  Renreseni.ninn 

An  entirely  different  approaeh  to  terrain  reconstruction  involves 
posing  the  problem  as  one  of  estimating  an  integrable  solution 
directly,  rather  than  projecting  estimated  solutions  onto  subsp.ices 
of  integrable  functions  as  was  done  in  the  previous  algorithms. 

This  method  relies  on  formulating  the  reconstruction  problem  as  a 
problem  of  estimating  the  coefficients  of  integrable  basis  functions. 
In  this  c.isc,  the  basis  functions  are  chosen  to  be  2-D  Fourier  Scries 
basis  functions. 

Using  these  basis  functions,  any  existing  height  constraints  can  be 
formulat^  as  linear  equations  for  the  basis  function  coeeficients. 
The  predicted  image  information  is  fomiulated  as  a  set  of  non-linear 
equations  involving  the  derivatives  of  the  terrain. 

An  advantage  over  the  previous  procedure  is  that  there  is  a  more 
natural  representation  of  both  slope  and  height  information,  rather 
than  making  height  corrections  to  an  algorithm  dominated  mostly 
by  slope  infonnation. 

This  approach  also  has  the  advantage  that  image  registration  is  not 
required  because  it  is  the  terrain  Fourier  coefficients  that  are  being 
estimated,  not  individual  terrain  cells. 

A  disadvantage  is  that  a  system  of  nonlinear  equations  must  be 
solved.  One  approach  is  to  linearize  these  equations  and  use  the 
matrix  generalized  inverse  to  minimize  the  length  of  the  residual 
vector.  The  use  of  the  Householder  transformation  will  allow  more 
efficient  and  stable  computation  of  this  inverse. 

The  cost  function  in  this  case  is  the  least-squares  norm  of  the 
residual  vector.  The  regularization  is  applied  via  directly  band- 
limiting  the  spatial  frequencies  of  the  terrain  rather  than  the  use  of 
penalty  functions. 

This  procedure  has  not  been  implemented,  and  is  still  in  the 
conceptual  stage. 

3.  RESULTS 

The  shape-from-shading  algorithm  (approach#!  version  a)  de¬ 
scribed  above  was  implemented  and  a  number  of  experiments  were 
conducted  to  evaluate  the  perfomianee.  Tlie  experiments  were  ini¬ 
tially  conducted  with  simulated  radar  images  and  later  with  .actual 
radar  images. 

Figure  1  is  a  perspective  view  of  a  height  model  of  the  Brazzeau 
range  in  Canada.  The  variation  in  height  from  the  lowest  point  to 
the  highest  is  approximately  2000m,  the  spacing  of  sample  points 
was  60m,  and  the  size  of  the  height  model  was  128x128  elements. 
Using  this  height  model  as  input,  a  set  of  three  noisc-i'ree  radar  im¬ 
ages  were  simulated  with  the  radar  assumed  to  be  flying  at  a  height 
of  1000km  and  imaging  with  incidence  angles  of  65  38,  56.44,  and 
50.28  degrees  to  the  near  edge  of  the  scene.  Figure  2  shows  one  of 
these  simulated  images. 

A  three  image  version  of  the  same  shape-from-shading  algorithm 
was  run  using  the  three  radar  images  simulated  above  Using  a 
heavily  smoothed  version  of  the  original  height  model  as  a  starting 
condition,  and  by  locally  enforcing  225  regularily  spaced  height 
points,  the  algorithm  was  .able  to  generate  a  height  model  On  com¬ 
paring  the  drieved  height  mode!  with  the  actual  height  model 
(shown  in  figure  1),  it  was  found  that  the  standard  deviation  of  the 
error  was  80m.  This  is  shown  in  figure  3. 

The  algorithm  was  then  ran  using  a  single  image  as  input  and  using 
the  same  initial  starting  condition  (i.e.  the  same  smoothed  version 
of  the  height  model).  Figure  4  shows  a  perspective  view  of  the 
height  model  thus  derived,  and  the  standard  deviation  of  error  on 
comparing  with  the  true  height  was  found  to  be  1 19m. 
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In  order  to  test  the  perfomiance  of  the  algorithm  with  real  radar  im¬ 
ages,  a  two  image  version  (since  only  two  overlapping  images  were 
available  at  the  time)  of  the  same  algorithm  was  implemented.  In 
this  experiment,  stereo  radar  images  were  used  to  create  a  height 
model,  and  the  height  model  was  then  used  to  rectify  the  images. 
The  rectified  and  co-registered  images  were  averaged  from  6m  pix¬ 
els  to  24m  pixels.  Figures  5  and  6  show  the  128x128  pixel  input 
images.  The  algorithm  was  also  provided  the  stereo  derived  height 
model  as  a  starting  model.  Figure  7  shows  the  stereo  derived  height 
model  as  a  radar  power  map  (excluding  the  geometric  distortions) 
created  from  the  same  position  the  true  radar  created  one  of  the 
input  images  (fiom  the  left  of  the  image  and  imaging  to  the  right). 
Figure  8  shows  the  output  height  model  derived  from  the  shape- 
from-shading  algorithm  presented  as  a  radar  power  map.  Spot- 
heights  were  not  enforced  in  this  experiment,  and  due  to  the  lack  of 
map  data  we  were  unable  to  compute  a  quantitative  error. 


4.  DISCUSSION 

As  seen  in  figure  8,  the  multiple  image  shape-from-shading  is  capa¬ 
ble  of  providing  a  height  model  that  appears  to  be  an  improvement 
from  the  results  provided  by  radar  stereo.  Although  a  map  derived 
height  model  was  unavailable  for  comparison,  the  final  height 
model  seems  to  be  consistant  with  the  input  images.  There  arc 
however,  a  few  obvious  errors  in  the  height  model,  and  these  errors 
manifest  themselves  in  figure  8  as  bright  points  on  the  side  facing 
the  radar  and  as  horizontal  dark  lines  (shadow)  on  the  opposite  side. 
The  algorithms  described  in  this  paper  do  not  resolve  the  ambiguity 
between  slope  and  Cq,  but  only  finds  the  most  consistent  set  of 
slopes  that  could  have  resulted  in  the  input  images.  As  a  result 
slopes  could  be  adjusted  due  to  a  variation  in  Oq  as  opposed  to  a 


change  in  the  slope,  resulting  in  false  heights. 

Another  anifact  that  was  observed  was  the  ringing  effect  along  the 
borders  of  the  derived  model  and  it  is  anticipated  that  using  appro¬ 
priate  window  functions  during  the  processing  will  minimize  effect. 


5.  CONCLUSIONS  AND  FUTURE  PROSPECTS 

The  above  results  demonsuate  the  advantages  of  using  multiple 
SAR  images  for  shape  from  shading  to  supplement  ordinary 
radargrammetry.  The  possibility  exists  for  combining  these  methods 
with  other  multiple  image  methods,  such  as  phtomctric  stereo 
(Hom,80].  The  latter  method  independently  solves  the  simultaneous 
set  of  shading  equations,  for  each  registered  pixel  in  a  multiple 
image  data  set. 

During  the  Magellan  Mission  to  Venus,  the  SAR  images  arc 
expected  to  be  of  low  resolution  and  hence  the  parallax  induced 
distortions  will  be  minimal  or  nonexistent  in  the  overlapping  areas. 
Due  to  the  expected  lack  of  any  significant  parallax  information  in 
these  images,  stereo  techniques  will  not  provide  an  accurate  height 
model  and  the  overlapping  images  can  be  easily  registered. 

For  such  a  scenario,  shape  from  shading  provides  a  hope  for 
obtaining  terrain  information.  Furthermore,  the  use  of  multiple 
images  should  decrease  the  sensitivity  to  noise  due  because  of  the 
additional  information  that  is  available. 
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ABSTRACT 

Shape-from-shading  is  a  technique  to  extract  the 
three  dimensional  shape  of  a  reflecting  surface  based 
on  observed  image  radiometric  variations.  In  the  case 
of  remote  sensing,  the  technique  presents  a  potential 
alternative  to  classical  stereo  matching  for  the 
generation  of  digital  elevation  models  and  rectified 
imagery. 

Synthetic  aperture  radar  (SAR)  imagery  of  rugged 
terrain  is  an  attractive  data  source  for  this  technique 
since  image  radiometry  is  dominated  by  terrain  orienta¬ 
tion  rather  than  surface  cover  variability.  This 
observation  has  been  quantitatively  confirmed  by 
correlation  analysis  comparing  real  and  simulated  SEASAT 
scenes,  the  latter  having  been  generated  from  digital 
elevation  models  assuming  a  universally  applicable 
backscatter  law  (e.g.,  Guindon  and  Maruyama,  1986). 

The  present  paper  addresses  some  practical  aspects 
related  to  the  extraction  of  topographic  Information 
from  single  SAR  scenes.  A  data  driven  approach  is  taken 
beginning  with  a  quantitative  analysis  of  the  relation¬ 
ship  between  image  grey  level  and  terrain  orientation. 
It  is  observed  that  image  radiometry  is  a  sensitive 
indicator  of  the  range-directed  component  of  terrain 
slope.  Based  on  this  fact,  a  new  shape-from-shading 
technique  is  proposed  in  which  radiometry  is  used  to 
generate  Independent  elevation  profiles  for  each  image 
range  line. 

Experiments  have  been  carried  out  using  a  SEASAT 
scene  of  mountainous  terrain  to  illustrate  the  above 
techniques.  Evaluations  of  topographic  accuracy  have 
been  accomplished  through  a  comparison  of  elevation 
profiles  extracted  from  the  imagery  and  corresponding 
information  on  available  1:50,000  scale  maps. 

INTRODUCTION 

A  visual  comparison  of  SAR  imagery  of  rugged  terrain 
and  topographic  maps  suggests  that  image  radiometry  is 
dominated  by  some  measure  of  terrain  orientation.  This 
has  led  a  number  of  authors  to  suggest  that  the  extrac¬ 
tion  of  digital  terrain  models  could  be  feasible  using 
shape-from-shading  techniques  (Hildey,  1986;  Frankot  and 
Chellappa,  1987). 

Traditionally,  shape-fr-.m-shading  techniques  have 
been  based  on  a  surface  r-.lectance  law  which  is  assumed 
to  be  known  a  priori  (e.g.,  Fentland,  198A;  Horn  and 
Brooks,  1986)  such  as  a  Lambertian  model.  A  major 


thrust  of  shape-from-shading  research  has  therefore 
been  directed  at  resolving  the  incidence  angle  to 
slope,  aspect  ambiguity  in  order  to  derive  a  consistent 
estimate  of  the  three-dimensional  description  of  the 
reflecting  surface. 

In  this  paper,  shape-from-shading  results  are 
presented  for  a  study  of  a  SEASAT  scene  of  the  Adams 
Lake,  British  Columbia  region.  Quantitative  analyses 
are  described  of  comparisons  between  terrain  slope,  as 
derived  from  1:50000  scale  topographic  maps,  and  image 
grey  level.  It  is  observed  that  image  grey  level  for 
land  targets  is  highly  correlated  with  the  range 
component  of  terrain  slope.  This  implies  that 
individual  SAR  range  lines  can  be  independently 
integrated  to  generate  elevation  profiles.  A  quantita¬ 
tive  comparison  of  such  shape-from-shading  profiles  and 
corresponding  profiles  derived  from  maps  is  made.  The 
implications  of  image  speckle  and  SAR  viewing  geometry 
on  slope  and  profile  accuracy  are  discussed. 

DATA  SET 

The  results  presented  here  are  based  on  the  study 
of  a  subswath  section  of  a  SEASAT  subscene,  covering  an 
area  of  approximately  50km  x  50kn  near  Adams  Lake, 
British  Columbia,  Two  example  25km  x  25km  sub-images 
are  shown  in  Figures  1(a)  and  (b).  The  large  lake 
labelled  A  in  Figure  1(a)  is  Adams  Lake  (latitude: 
119°30'W,  longitude:  51°15'N).  The  topography  of  the 
region  is  moderate  to  rugged  with  elevations  ranging 
from  400  to  2000  meters  above  sea  level.  The  elevation 
contour  information  on  available  1:50000  scale  maps 
indicates  that  there  exist  slopes  in  excess  of  20 
degrees.  Implying  that  layover  should  be  present  in  the 
scene. 

The  SEASAT  scene  was  processed  on  the  CCRS  General¬ 
ized  SAR  Processor  (GSAR)  (Davis  and  Prinez,  1981)  in 
a  nominal  ground  range-azimuth  projection  (i.e.  without 
relief  displacement  correction)  with  a  pixel  spacing  of 
12.5  meters  and  a  resolution  of  25  meters.  This 
amplitude  image  has  16-bit  dynamic  range.  Further 
processing  was  applied,  including  radiometric 
compression  to  an  8-bit  dynamic  range  and  resampling  to 
100  iDcter  resolution,  50  meter  pixel  spacing  in  order 
to  reduce  speckle. 

MATHEMATICAL  PRELIMINARIES 

Before  going  on  to  the  analysis  of  real  SAR  data, 
it  is  useful  to  present  a  simple  mathematical  framework 
for  discussion.  The  mathematical  notation  of  Hildey, 
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1986  will  be  used  here. 

The  coordinate  system  of  the  input  SAR  image  will  be 
noted  by  (x',y')  where  x'  is  nominal  ground  range  and 
y*  is  azimuth.  The  terrain  surface  can  be  characterized 
by  the  three  dimensional  coordinate  grid  (x,y,z),  where, 
for  convenience,  y  is  aligned  to  the  image  azimuthai 
direction,  x  is  the  true  ground  range  and  z  the  local 
vertical. 

Since  the  parallactic  shift  in  SAK  imagery  is  in  the 
range  direction  only,  the  input  image  and  surface 
coordinate  systems  are  related  by  the  equations 

y'  =  y  (1) 

s'  =  X  +  z(x,y)’ej/e^  (2) 

where  are  the  ground  range  and  vertical  components 
of  a  unit  vector  pointing  from  the  surface  back  to  the 
radar.  The  second  term  on  the  right  side  of  equation 
2  represents  the  parallactic  shift.  Similarly,  image 
foreshortening  can  be  quantified  by  the  derivative 

3x  ^  1  (3) 

3x'  l+ez  az 
ex  3x 

where  3z/ax  is  the  range  component  of  terrain  slope. 
In  non-layover  conditions  x'  will  Increase  with  increas¬ 
ing  X.  For  the  case  of  a  terrain  slope  equalling  the 
view  direction  the  denominator  on  the  right  side  of 
equation  (3)  goes  to  zero.  For  steeper  slopes  x'  will 
decrease  with  increasing  x. 

SLOPE  INFORMATION  CONTENT  OF  SAR  RADIOMETRY 

A  qualitative  comparison  of  the  imagery  and  contour 
lines  on  1:50000  scale  maps  suggests  that  the  levels  of 
topographic  detail  of  the  two  data  sources  are 
comparable.  Hap  features  such  as  ridges  and  valleys 
which  exhibit  changes  in  terrain  slope  and/or  aspect  are 
in  general  detectable  on  the  SEASAT  image  by  the 
presence  of  localized  radiometric  variability.  Conver¬ 
sely,  land  regions  which  are  characterized  on  the  map 
by  constant  slope  and  aspect  in  turn  exhibit 
approximately  co.  stant  image  grey  level.  Given  this 
correspondence  in  level  of  detail,  1:50000  scale  maps 
have  been  used  as  a  prlioary  source  of  topographic 
'tn:th'  in  correlation  studies  relating  image  radiometry 
and  topographic  descriptors. 

A  quantitative  investigation  has  been  undertaken 
through  the  identification  and  analysis  of  'radiometric 
tie  points',  hereafter  referred  to  as  RTFs.  A  RTP  is 
defined  as  a  point  which  is  identifiable  both  on  the 
topographic  map  and  the  image  and  which  lies  in  an 
extended  region  of  constant  slope  and  aspect  (as 
indicated  by  the  map  contours).  A  total  of  125  RTFs 
have  been  identified  on  the  Adams  Lake  scene.  From  the 
map  .;ontours  and  a  knowledge  of  the  SAR  imaging 
geometry,  various  incidence  angle  measures  described 
below  can  be  estimated.  Statistical  comparisons  between 
these  measures  and  RTP  grey  level  have  then  been  carried 
out. 

(a)  Grey  Level  Versus  Total  Incidence  Angle 

Traditional  sbape-from-shading  methodologies  assume 
grey  level  is  indicative  of  the  radiation  incidence 
angle.  Figure  2  shows  the  relationship  for  the  125 
RTFs.  Some  of  the  RTFs  lie  in  regions  of  layover  and 
have  been  separated  out  by  arbitrarily  assigning  them 
a  negative  value.  For  SEASAT,  tbe  Incidence  cUigle  for 
a  horizontal  surface  is  approximately  21  degrees. 


Two  conclusions  can  be  drawn  from  a  study  of  this 
figure. 

(l)  The  grey  level  dynamic  range  encompassed  by  the 
RTFs  in  layover  is  equivalent  to  that  of  RTFs  on 
forward  facing  slopes  not  in  layover.  An  addi¬ 
tional  ambiguity  regarding  terrain  .<;lope  will 
arise  because  of  this  overlap. 

(ii)  Although  a  trend  of  Increasing  image  grey  level 
with  decreasing  terrain  slope  is  apparent  for 
reverse  slopes  (l.e.I>21°)  no  similar  significant 
correlation  exists  for  those  RTFs  on  forward 
facing  slopes. 

It  is  concluded  that  SAR  image  grey  level  is  not  an 
effective  indicator  of  total  incidence  angle  and  hence, 
is  not  an  accurate  measure  of  the  local  terrain  surface 
normal  direction. 

(b)  Grey  Level  Versus  the  Range  Component  of  Incidence 

Angle 

SAR  imagery,  acquired  in  a  steep  imaging  iDode  such 
as  the  SEASAT  case,  exhibits  extreme  geometric  fore¬ 
shadowing  effects  even  for  iwdercte  relief.  In 
addition,  geometric  foreshadowing  goes  hand  in  hand 
with  observed  radiometric  variability.  Since  for¬ 
eshadowing  is  a  function  only  of  the  range  component  of 
terrain  slope,  it  is  argued  that  image  grey  level 
should  be  a  isore  sensitive  measure  of  the  range 
component  of  incidence  angle,  Ig,  than  total  Incidence 
angle.  Ig  is  simply  the  angle  between  the  view  direc¬ 
tion  vector  e  and  the  projection  of  the  surface  normal 
in  the  local  vertical-ground  range  plane. 

Figure  3  illustrates  the  grey  level  I|  relationship 
for  the  125  RTFs.  It  can  be  seen  that,  for  nonlayover 
RTFs,  the  trend  of  increasing  grey  level  with  decreas¬ 
ing  I|  is  now  combined  for  the  forward  slopes. 
Although  an  ambiguity  still  exists  in  interpreting 
image  grey  level  as  either  a  positive  or  a  negative 
value  of  Ig,  the  problem  of  the  one  to  many  relation¬ 
ship  arising  between  total  incidence  angle  and  (slope, 
aspect)  does  not  arise  here  because  the  vectors  defin¬ 
ing  Ig  are  restricted  to  a  planar  projection  surface. 

If  we  accept  the  model  of  SAR  image  radiometry  as 
a  measure  only  of  the  range  component  of  slope,  two 
important  implications  arise  for  the  potential  extrac¬ 
tion  of  3D  surface  information. 

(i)  Any  given  range  line  can  be  treated  indepen¬ 
dently,  that  is,  the  grey  level  of  pixels  on  that 
line  can  be  transformed  to  slope  estimates  which 
in  turn  can  be  integrated  to  provide  a  unique 
elevation  profile. 

(ii)  Since  there  is  no  significant  information  about 
azimuthal  slope,  an  additional  source  of 
"azimuthal  control"  data  is  required.  This 
arises  from  the  fact  that  each  range  line 
elevation  profile  is  only  a  "relative"  profile 
since  its  ground  range  and  elevation  origins  are 
arbitrary.  Azimuthal  control  is  required  to  tie 
these  adjacent  integrated  profiles  to  a  common 
and  absolute  origin. 

ACCURACY  ANALYSIS  OF  THE  RADIOMETRIC  CALIBRATION 

In  this  section,  we  consider  the  accuracy  with 
which  terrain  slope  can  be  extracted  from  image  grey 
level  and  the  implications  of  this  accuracy  on 
integrated  elevation  profiles  derived  from  individual 
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image  range  lines. 

Since  tlie  absolute  radiometric  calibration  of  the 
radar  image  and  the  precise  nature  of  the  reflectance 
law  of  the  terrain  surface  arc  unknown,  we  have  resorted 
to  polynomial  regression  to  derive  a  calibration  for 
extracting  incidence  angle  from  grey  level.  Rather  than 
attempting  to  define  a  single  high  order  polynomial 
curve  for  all  nonlayover  RTPs,  a  composite  calibration 
has  been  generated  made  up  of  separate  second  order 
polynomial  fits  for  reverse  and  forward  facing  slopes 
(i.c.,  for  angle  slope  ranges  of  20  to  70  degrees  and 
0  to  20  degrees).  This  has  been  done  for  two  reasons. 

(a)  Since  the  derived  slopes  will  be  integrated  to 
provide  elevation  profiles  at  the  nominal 
ground  range  of  50  meters,  the  value  of  20 
degrees  corresponds  to  the  transition  point 
between  undersampling  and  oversampling  of  the 
input  data. 

(b)  Residual  speckle  present  in  the  Imagery  will 
affect  angle  estimation  accuracy.  Since 
speckle  is  s’gnal  dependent  its  influence  on 
dark  reverse  slopes  and  bright  forward  slopes 
will  be  different. 

Rows  1  and  2  of  Table  1  sumnarixe  the  parameters  of 
the  composite  calibration  curve.  For  a  selected  set  of 
grey  levels  covering  the  overall  radiometric  dynamic 
range  the  table  presents  the  calibration  estimates  of 
range  component  of  incidence  angle  and  their  one  sigma 
uncertainties.  Tliose  uncertainties  arc  a  function  of 
the  experimental  uncertainty  in  estimating  angle  for 
individual  points  but  also  reflect  the  limited  number 
of  available  RTPs.  For  example,  in  order  to  achieve  a 
calibration  accuracy  of  0.1  degrees,  totals  of  4000  and 
1000  RTPs  would  be  required  for  reverse  and  forward 
slopes,  respectively. 

Rows  3,4  and  5  summarize  some  of  the  implications  of 
angle  estimate  errors  on  the  integration  process.  These 
data  include  a  ground  range  scale  factor  which  is 
defined  as  the  ratio  of  the  true  ground  range  to  nominal 
input  image  pixel  size.  Rows  4  and  5  give  the  ground 
range  and  vertical  errors  corresponding  to  ±  one  sigma 
incidence  angle  error.  Three  points  should  be  noted 

(i)  The  incidence  angle  calibration  uncertainty  refers 
to  the  variation  in  angle  estimates  based  on  a 
large  number  of  calibration  curves,  each  deiined 
by  an  independent  sot  of  randomly  selected  RTPs. 
For  any  given  calibration  curve,  the  angle  estima¬ 
tion  error  will  be  systematic  with  grey  level  not 
random. 

(ii)  Although  reverse  slope  ground  range  and  vertical 
errors  are  small  on  a  per  pixel  basis,  reverse 
slopes  will  be  significantly  lengthened  due  to  the 
SAR  viewing  geometry.  Given  the  systematic  nature 
of  the  calibration  error,  net  errors  accumulated 
when  integrating  up  a  reverse  slope  can  be  large. 

(iii)  Extreme  forward  slopes  approaching  layover  (i.c., 
within  3  to  5  degrees  of  layover)  exhibit  very 
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Such  slopes  are  also  characterized  by  being 
comprised  of  very  few  pixels  because  of  foreshor¬ 
tening  and  high  levels  of  speckle  noise. 

ANALYSIS  OF  ELEVATION  PROFILE  DERIVED  FROM  SAR 
RADlOMEray 

(a)  Single  Profile  Analysis 


In  this  section,  a  brief  comparison  is  carried  out 
of  two  integrated  elevation  profiles,  derived  from  SAR 
radiometry,  and  corresponding  elevation  profiles 
manually  extracted  from  1:50000  scale  maps  (see  Figures 
4(a)  and  (b).  Those  profiles,  sampled  every  250  meters 
and  ranging  in  length  from  10  to  20  km,  were  selected 
to  encompass  a  range  of  slope  gradients.  They  also  had 
to  begin  on  a  feature  which  is  well  defined  both  on 
maps  and  imagery  and  with  a  well-defined  vertical  scale 
origin.  Prominent  shoreline  features  on  the  larger 
lines  suited  the  bias.  A  visual  inspection  of  these 
figures  indicates  that  the  largest  errors  are 
introduced  during  the  integration  through  steep, 
forward  slopes. 

(b)  Integration  Stability  Analysis 

llie  elevation  profile  shown  in  Figure  4(a)  is 
representative  of  the  relief  characterizing  the  terrain 
between  East  Barrier  and  Adams  Lakes,  i.c.,  where  the 
elevation  rises  from  625  meters  on  East  Barrier  Lake  to 
peak  in  the  range  1500  to  1700  meters  then  steadily 
declines  to  the  level  of  Adams  Lake  (404  meters)  with 
mean  slopes  of  10  to  15  degrees,  i.e.  layover  is  not 
expected  to  be  a  present. 

Integrated  profiles  were  generated  starting  at  East 
Barrier  Lake  for  80  independent  range  line  (i.e.  every 
second  image  line  encompassing  the  lake).  The 
statistics  of  the  predicted  Adams  Lake  level  were  found 
to  be  the  following: 

mean  level  =  498  meters  (map  =  404  meters) 

standard  deviation  =  234  meters 

standard  error  in  the  moan  -  27  meters 

Since  the  difference  between  mean  predicted  and  map 
level  is  almost  four  times  the  standard  error  in  the 
mean,  we  conclude  that  there  is  a  significant  bias  in 
the  radiometric  calibration. 

To  demonstrate  the  integration  sensitivity  on 
calibration  variations,  two  additional  calibration 
curves  were  presented  in  which  the  forward  slope 
calibration  was  changed  slightly  from  a  predicted 
incidence  angle  of  9.3  degrees  at  grey  level  120  by  ± 
0.2  degrees.  This  results  in  a  change  in  mean  lake 
level  of  ±  80  meters  which  indicates  that  the  mean 
predicted  level  is  consistent  with  the  estimated 
accuracy  of  the  available  calibration. 

The  large  variation  in  the  predicted  mean  (237 
meters)  indicates  that  random  speckle  can  cause  sig¬ 
nificant  integration  errors.  This  suggests  that 
additional  azimuthal  control  will  be  required  to 
periodically  correct  profiles.  The  requirements  of 
such  control  arc  under  investigation  and  will  be 
published  elsewhere. 

CONCLUSIONS 

An  analysis  has  been  undertaken  of  the  topographic 
information  content  of  SAR  radiometry  with  a  view  to 
assessing  the  feasibility  of  shape-from-shading  for 
terrain  model  extraction.  For  a  study  of  a  SEASAT 
scene  of  moderate  relief,  the  following  conclusions  are 
reached. 

(i)  SAR  image  radiometry  is  a  strong  Indicator  of  the 
range  component  of  terrain  slope.  It  can 
therefore  be  used  to  derive  elevation  profiles 
for  individual  imago  range  lines.  Slope 
estimation  accuracies  of  1  to  2  degrees  have  been 
achieved. 
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(ii)  The  largest  integration  errors  occur  on  forvard 
slopes  where  gradient  approach  layover  conditions. 
Because  of  the  steep  viewing  geometry  of  SEASAT, 
the  accumulated  integration  error  for  regions  with 
slopes  of  10  to  IS  degrees  are  unacceptable  from 
a  mapping  point  of  view.  Results  can  be  expected 
to  be  improved  with  a  more  accurate  calibration 
and/or  a  more  sophisticated  integration  algorithm. 

(ill)  Layover  cannot  be  detected  on  the  basis  of  grey 
level  alone.  Methods  for  detection  based  on  slope 
trends  are  under  investigation  and  will  be 
published  elsewhere. 
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TABLE  1:  Composite  Radiometric  Calibration  for  the  Adams  Lake 
SEASAT  Subscenc  (Non-layover  conditions) 

IMAGE  GREY  LEVEL 
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FIGURE  3:  A  graph  of  range  component  of  Incidence  angle  versus  image  grey  level 
for  the  125  RTFs.  A  comparison  of  Figures  2  and  3  indicates  that  SAR 
radiometry  is  a  more  accurate  indicator  of  the  range  component  rather 
than  the  total  incidence  angle. 
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FIGURE  4;  A  comparison  of  two  elevation  profiles,  ext-raeted  from  1:50000  maps 
and  corresponding  predicted  p’roflles  based  on  shape-from-shadlng 
integration. 
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Abstract 

For  the  ERS-1  spaceborne  surface-imaging  Synthetic  Aperture  Radar,  one  of  the 
most  important  subtasks,  due  to  precision  image  product  generation,  consists  of  solving 
the  problem  of  geolocating  the  SAR  image  elements,  in  terms  of  geodetic  coordinates,  as 
precisely  as  possible,  especially  in  oceanic  and  polar  regions. 

Due  to  the  probable  unavailability  of  ground  control  points  (GCPs)  in  these  areas,  a 
new  algorithmic  procedure  was  developed,  based  upon  the  use  of  Range-Doppler 
methodology  in  combination  with  geodetic  calculations,  without  requiring  GCPs.  The 
procedure  functions  independently  of  spacecraft  attitude  values  and  requires  the  following 
input  parameters;  satellite  ephemeris  data,  the  derived  slant  range  distance,  earth  model 
describing  parameter  and  the  Doppler  Centroid.  As  an  additional  option,  the  use  of 
terrain  heights  is  also  foreseen.  Relying  on  a  vector  model,  an  equation  with  two  unknown 
variables  is  solved  by  ascertaining  one  of  these  in  an  iterative  way.  After  several 
computational  phases,  this  method  calculates  the  geodetic  position  or  geolocation  of  the 
image  element  in  relation  to  the  chosen  earth  ellipsoid.  As  an  independent  control  of  the 
accuracy  of  the  algorithm,  the  Doppler  Centroid  value  and  the  calculated  Doppler  value 
of  the  pixel  can  be  compared.  Any  deviation  reflects  the  degree  of  precision  in  the 
algorithmic  procedure  itself.  Misgeolocation  due  to  errors  concerning  the  satellite 
ephemeris,  Doppler  Centroid,  slant  range  distance  and  terrain  height  is  taken  into 
consideration  in  a  final  accuracy  estimation. 

To  conclude,  one  can  say  that  tests  on  actual  data  have  shown  that  the  achievable 
accuracy  of  the  algorithm  itself  is  convincing  and  will  be  a  useful  tool  for  geolocating 
SAR  images.  However,  in  a  qualified  sense,  it  has  to  be  emphasised  that  the  real  accuracy 
will  be  a  function  of  the  inherent  accuracy  of  the  input  parameter. 

Keywords:  SAR  Processing,  SAR  Image  Geolocation,  ERS-1 
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Abstract 

Tills  paper  gives  an  overview  on  the  existing  prototype  versions  for  the 
generation  of  geocoded  products  in  tlie  German  Processing  and  Arcliiv 
ing  Facility  (D-PAF)  of  the  ERS-I  and  SIR-C  /  X-SAR  missions.  While 
the  terrain  correction  is  performed  by  an  exact  pixel  to  pixel  transforma 
tinn,  the  ellipsoid  corrected  products  are  generated  using  block  process¬ 
ing.  As  a  first  step  this  requires  an  algorithm  which  provides  a  spatial 
transformation  model  from  a  rectangular  grid,  defined  on  an  output  im¬ 
age,  to  an  irregular  grid,  defined  on  the  input  SAR  slant  range  image.  It 
was  assumed  tiiat  image  specific  approximating  polynomials  fur  tlie  orbit 
and  the  SAR  Doppler  shift,  depending  on  tiie  pixel  location  (range  and 
arimutli)  are  available. 

The  block  processing  is  performed  by  an  efficient  pixel  by  pixel  trans¬ 
formation  algorithm  including  cubic  convolution  as  resampling  meliiod. 
This  procedure  resamples  the  input  SAR  slant  range  image  to  a  certain 
map  projection  in  lliree  steps  using  two  bilinear  transformations  and  two 
image  slieers.  This  implies  an  one  dimensional  resampling  method  for 
cubic  convoluliun. 

Keywords; 

Ellipsoid  Correction,  Terrain  Correction.  Wiiiiout  Visual  Inspectaiiun. 
One-dimensional  Block  Processing.  Cubic  Convolution.  Doppler  Refer¬ 
ence  Function.  German  PAFs  lor  ERS-I  and  SIR-C/X-SAR  Missions. 


1.  Introduction 

Traditionally,  geometric  distortions  in  remote  sensing  data  have  been 
corrected  by  manually  located  tiepoints,  calculation  of  a  transformation 
polynomial  and  a  resampling  algorithm  (H<aber3cker,  1985)  This  paper 
describes  a  geocoding  system  linked  to  the  output  of  a  SAR  preprocessing 
.system,  wliicit  lias  tile  capability  of  producing  geocoded  images  without 
any  visual  inspection  of  the  raw  image  (like  searching  controlpoints).  In 
case  of  ellip.suid  correction  gridpoints  are  calculated  in  input  as  well  as 
output  images  based  on  the  exact  solution  of  two  equations,  the  SAR 
Doppler  equation  and  the  SAR  renge  equation  (Kwok,  1987).  The  pixels 
located  between  tlie  grid  lines  will  subsequently  be  resampled  by  bilinear 
transformation,  using  the  four  neighbouring  gridpoints  as  reference  loca¬ 
tions.  Tills  part  has  originally  been  developed  for  scanning  systems  by 
Friedmann  (Friedmann.  1981).  Therefore  these  formulas  can  also  be 
used  for  tlie  rectification  of  optical  data. 

Tlie  root  idea  is  the  replacement  of  the  higher  order  polynomial  transfor¬ 
mation  acting  in  two  dimensions  by  an  one-dimensional  procedure.  The 
re.suits  of  this  transformation,  rectification  in  lines  and  columns  as  well  as 
a  rotation,  are  performed  within  three  steps  seperatiiig  tlie  rectifications 
and  replacing  the  rotation  by  two  image  sheers  (Coriander,  1987).  This 
procedure  allows  tlie  parallelizing  of  calculations  for  the  utilization  of  an 
array  processor.  Tire  alguritlimic  computational  efficiency  mainly  consists 
of  the  one-dimensional  cubic  convolution  interpolation. 


2.  Geometric  Model 

There  are  two  basic  concepts  for  tlie  geocoding  of  SAR  images.  The  ter¬ 
rain  correction  considers  tlie  earth's  reliel  described  by  a  Digital  Eleva¬ 
tion  Model  (DEM),  while  ellipsoid  correction  takes  into  account  the 
smooth  .surface  of  a  defined  ellipsoid.  So  the  basic  geometric  model  is 
identical  for  both  procedures.  The  only  difference  is  that  for  the  calcula¬ 
tion  of  tile  eartii's  surface  point  vector  p  in  the  case  of  terrain  correc¬ 
tion  the  height  above  tile  geoid  is  considered  This  implies  a  pixel  by  pixel 
procedure,  while  tlie  generation  of  ellipsoid  corrected  products  only  re¬ 
quires  tile  calculation  of  a  transformation  grid. 

2./  Conversion  from  Map  Coordinates  to  Cartesian 
System 

As  a  first  .step  the  m.ap  coordinates  defining  the  location  of  a  point  in  the 
output  image  have  to  be  transformed  to  a  Cartesian  coordinate  system, 
wliich  originates  at  tlie  center  of  the  geoid  and  follows  tiie  earth  rotation. 
The  appropri.ate  transformations  are  well  described  elsewhere  and  are  not 
discussed  in  this  paper. 

There  will  be  a  choice  of  various  projections  (see  also  Graf,  1988): 

1.  Tran.sver.se  Mercator  Projection 

2.  Oblique  Mercator  Projection 

3.  Lambert  Conformal  Projection 

4.  Stereograpliic  Projection  (oblique  and  polar  aspect) 

5.  Mercator  Projection 

The  result  ol  the  mapping  algorithm  is  a  tliree-dimensiunal  net  covering 
the  earth's  surface.  Each  nelpoint  is  defined  in  its  three  cooidiniOtes: 
x.y.z.  In  the  case  of  terrain  correction  this  net  consists  of  all  image 
poini>. 

2.2.' SAR  Pixel  Allocation 

St.ariing  from  a  defined  location  on  the  earth's  surface,  given  i."  Cartesian 
coordinates  the  accurate  location  of  the  corresponding  pixel  on  the  SAR 
image  has  to  be  determined.  (Negative  column  or  line  numbers  are  al¬ 
lowed  In  this  case  the  earth  location  is  not  mapped  inside  the  specific 
image,  hut  to  a  virtual  place  outside.) 

Two  different  equiitions  have  to  be  suived  siiiiuiiiiiieouM)  to  find  the  uil 
umn  .and  line  of  the  SAR  pixel  One  equation  approximates  the  SAR 
Doppler  shift  of  a  point  target  and  tlie  other  one  describes  tiie  dependen¬ 
cy  of  the  slant  range  between  sensor  and  earth  location  from  the  line 
number  of  this  pixel. 

A  set  of  image  specific  constants,  wliicli  have  to  be  computed  during  the 
preprocessing,  are  input  to  tiie  algoritiim. 

The  SAR  image  coordinates,  which  should  be  calculated,  are  called  (i.j), 
where  i  is  the  column  number  or  azimuth  coordinate  and  )  is  the  range 
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coorclinnie  or  line  number.  Bulb  numbers  need  noi  be  nn  integer.  (Tlie 
mn|)ped  e.irib  loc.tiion  |x,y.r.|  may  correspond  to  a  place  between  two 
lines  and  two  columns  of  the  SAR  image.) 

x.y  -and  7.  are  ilie  coordinates  of  one  special  netpoint  in  a  geocentric 
Cartesian  coordinate  system,  which  rotates  with  the  earth. 

(x.y.a)  may  be  expressed  in  vector  notation: 

(/)  ‘p  =  [x.y.7.  ] 


The  velocity  oi  the  point  |x.y.r.|  relative  to  an  Inertial  system  may  be 
calculated  as; 


(i) 

where 

(3) 


p  s  U,,  X  p 

ld(:  is  the  earth  rotational  velocity: 


1.1.1.  SAR  Doppler  Equation.  The  equation  describes  the  Doppler 
frequency  shift  of  a  point  target  as  seen  from  the  satellite  (Li,  1983); 


(•<) 


2* (  p  -s  ) •  (  p  -s  ) 


f|.c  =  'uc<''i> 

•  • 

and:  s  =  s  (I)  .  s  =  s  (i) 

where  f  is  the  Doppler  frequency  shift  and  X  is  the  radar  wave  length, 
s  is  the  location  of  the  sensor  during  the  exposure  of  the  specific  image 
pixel  and  Is  tlie  velocity  of  the  sensor  along  the  orbit,  defined  in  the 
same  Cartesian,  geocentric  coordinate  system  as  .  X  Is  a  fixed  parame¬ 
ter,  while  fpc  changes  along  arimuth  and  range  direction.  The  orbit 
location  as  well  as  the  velocity  are  time  dependent  vector  functions.  Be¬ 
cause  aximuih  is  a  linear  function  of  time,  both  vectors  describing  the 
orbit  may  be  considered  as  functions  depending  on  pixel  azimuth. 

In  our  case  it  svas  assumed,  that  focund  s  can  be  approxlm,ated  by 
polynomials: 

foe  =  do+d.-j  +  dj-j^  +  dj-i+d^*!' 

X  ,  =  a„  +  a  ,•  i  +aj'  i'+a,’  i’ 

y  ,  =  bo  +  b,‘  i  +  bj’  i'+ba*  i^ 

X  .  =  Co+e  I*  i  +Cj<  i’+C3*  i’ 

Tlie  polynomial  coefficients  ao.ai...  bg.hi...  Co.C|...  and  d^.di...  are  Im¬ 
age  specific  and  have  to  be  calculated  by  a  preprocessing  unit  before  the 
algorithm  is  started.  The  accuracy  for  the  orbit  polynomial  is  known  to  be 
good  enougli  for  that  small  part  of  the  orbit  considered  as  the  synthetic 
aperture. 


W 

W 


1.1.1.  SAR  Range  Equation. 

(7)  Fj(i.)  )  =  ro  -  m,  •  j  -  I’JT-Tl 

The  ccjus'iOrj  dcscrihs.'s  *hs  !lns2r  dependency  of  the  slsnt  r8ng.e 
sensor  and  earth  location  on  the  line  number  of  a  SAR  pixel  {  =  range 
coordinate),  where  ro  and  rrir  are  scaling  constants,  (ro  is  image  specific, 
while  iTIr  'S  sensor  specific.)  Because  T  depends  on  azimut  i.  Fj  is  a 
function  of  both  variables  i  and  j. 

Both  equations  F|  anbd  Fj  are  nonlinear  In  the  unknown  variables  i.  j. 
Therefore,  it  is  impossible  to  solve  the  equation  system  directly. 


1.3.  Iteration  Method 


Because  there  is  no  direct  solution  to  the  problem,  a  start  value  (io.io) 
corresponding  to  a  netpoint  [x.y.z|  has  to  be  found  We  assume  that  the 
geographic  coordinates  of  the  SAR  image  center  are  available  in  tlie  an- 
nol.nlinn  data  produced  by  the  preprocessing  unit.  This  location  serves  as 
a  first  tiepoint.  After  improving  (Io.io)  lo  a  specified  accuracy  an  Iteration 
process  applying  the  result  may  serve  as  starting  value  for  the  next  grid- 
point  in  the  neighbourhood  of  the  previous  one  This  procedure  has  to  be 
repealed  until  all  gridpoinis  are  calculated. 

The  Newton  iteration  method  with  paitial  derivatives  was  applied: 


m 
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Inserting  (io.io)  into  equations  (9)  to  (10),  we  get  a  linear  equation  sys¬ 
tem  (H)  for  the  unknowns  (Ai.A)),  which  we  can  solve  directly.  After 
■adding  (ALA))  to  (io.io).  ll'e  procedure  may  be  repealed  until  the  accu¬ 
racy  requirements  are  fulfilled. 


3.  Generation  of  Ellipsoid  Corrected  Geocoded 
Product 

3.1  Algorithmic  Characteristics 

The  parameters  for  a  higher  order  polynomial  transformation  contain 
rectification  in  lines  and  columns  and  a  rotation.  For  tills  algorithm  tliese 
pans  are  sept  rated  and  will  be  performed  in  several  steps. 

The  results  of  the  different  steps  are  demonstrated  in  figure  3.1,  where  I 
shows  the  input.  2  and  3  show  the  intermediate  images  and  4  shows  the 
final  output.  The  first  step  >  to  2  performs  the  rectification  line  by  line 
and  additionally  contains  the  oversampling.  Then  (2  to  3)  rectification  in 
columns  and  first  image  sheer  are  performed.  Finally  (3  to  4),  the  second 
image  sheer  completes  the  geocoding. 


figure  3.1  - 


The  following  chapters  deal  with  the  replacement  of  the  direct  transfor¬ 
mation  by  two  one-dimensional  rectifications  and  image  sheers. 

3.2  Rectification 

The  rectification  will  be  performed  by  transforming  the  grid  and  using  two 
bilinear  interpolations  within  each  subimage.  This  implies  an  extraction  of 
the  one-dimensional  transformation  parameters  e.f  out  of  parameters  a 
and  b.  which  characterise  the  bilinear  polynomial.  Parameters  e  and  f 
can  be  calculated  by  solving  equations  (IS)  and  (16)  and  neglecting  the 
quadratic  terms. 

The  equations  for  the  two-dimensional  bilinear  interpolation  are: 

(15)  I  =  ag«a,xtajy  vajXy 

(16)  p  »  bgvbjxtbjyvbjxy 

So  the  final  equations  are; 

(17)  I  =  fg+fjX-sfjV+fjXy 

(18)  p  =  eji+ejX+Bjy+ejXy 
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3.3  Rotation 

The  rotation  angle  for  the  orientation  of  a  scene  to  north  varies,  depend¬ 
ing  on  the  latitude,  due  to  the  inclination  of  tlie  orbital  plane.  From  fig¬ 
ure  3.2.  a  formula  can  be  derived  to  estimate  this  angle. 


90  -  * 


Satellite  orbital  plane 
-  figure  3.2.  - 

cos  \1» 

(19)  0  =  arc  sin  - 

cos  ()> 

i|i  =  inclination 

<(>  =  latitude  ol  subimaso  center 

Equations  (20)  and  (21)  describe  the  seperation  of  a  two-dimens’onal 
left  rotation  Into  two  one-dimenslonal  image  sheers.  Numbers  (22. 1)  and 
(22.2)  show  the  scalar  description  of  these  rotations  which  representing 
the  formulas  fur  the  two  steps. 

Left  Rotation 


(22.1)  X  '  =  q 

y  =  q  tan  0  +  r  sec  6 

(22.2)  q  =  X  cos  0  -  y  sin  0 

r  =  y 

0  =  rotation  angle 

3.3  Three  Step  Algorithm 

The  results  of  chapters  3.1.  and  3.2.  are  combined  to  a  three  step  proce¬ 
dure.  To  avoid  aliasing  effects,  oversampling  is  performed.  The  oversam¬ 
pling  factor  is  calculated  by 


(2.8) 


1  +  tan  0 
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Equnlions  (24)  lo  (26)  cle'icribe  llie  llirce  slcp':.  while  (igure  3.1  .iliows 
llie  C()rre>poncling  effects  of  the  different  calculations.. 


(24.1) 

(24.2) 

(25.1) 

(25.2) 

(25.3) 


P  = 


V  = 

u  = 


(  e  ,u  +  e  ,u  V  ) 


n 


q  ^  f 

—  Ian  6  + 


'  t 


'•  ‘  ''7,  '■T',' 


cos  6 
<2 


(26.1)  q  =  n,  (x  cose  -  y  sin  6 ) 

(26.2)  r  =  y 

In  the  first  .step  (24),  rectification  in  direction  of  ascending  columns  is 
done.  The  second  step  combines  the  second  rectification  in  line  direction 
and  the  first  image  sheer  (25),  while  the  last  step  (26)  performs  the  sec¬ 
ond  image  sheer. 


3.4  Cubic  Convolution  Interpolation 

In  general  resampling  means  the  assignment  of  a  grey  value  to  a  discrete 
given  pixei.  It  can  be  seen  in  equations  (24)  to  (26)  that  indirect  resam¬ 
pling  is  used.  i.e.  the  one  dimensional  calculation  of  the  pixel  position  in 
llte  input  image  vector  out  of  the  discrete  given  pi.xel  location  in  the  out¬ 
put  image  vector.  Therefore,  the  gray  value  0(i)  must  be  calculated  from 
an  amount  of  input  pixels  1(1),  ...  ,  l(n).  I  and  0  are  given  as  vectors 
where  vector  I  has  ilie  sampling  period  T  and  O  T’.  The  sampling  period 
T  can  he  understood  as  a  given  distance  between  pixels  within  the  input 
image.  T'  is  tlie  desired  spacing  (or  the  output  image.  0(t)  is  the  aiscrete 
given  pixel  location  which  leads  to  a  pixel  position  in  vector  I  located 
between  l(n)  and  l(n+l).  i.e.  n  T  <  m  T'  <  (fl+l)  T  . 


0(v)  is  calculated  by 
n+2 

(27)  0(t)  =  Z  l(i) 

isn-1 


c  (t)  is  the  cubic  convolution  kernel  which  is  defined  as 

0<ltl<  I 


3  J  5  1 

-Itl  -  yltl  +  I 


(28)  c(t)  =  Itl  Itl  -  4ltl  +2  l<  ltl<2 


2<ltl 
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The  kernel  for  this  four  point  interpolation  is  hardcoded  in  a  lookup 
i.ibie,  .seperriied  In  16  parts  F.or  the  calculation  of  the  acu?'  grev  value 
tills  method  takes  considers  the  current,  tlie  previous  and  the  two  follow¬ 
ing  pixels. 
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AUTOMATED  ICE  MOTION  TRACKING  AT  THE  ALASKA  SAR 

FACILITY 


Ronald  Kwok 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
Pasadena,  CA  91109 


Abstract 

A  Geophysical  Processor  System  (GPS)  is  being 
developed  for  routine  extraction  of  geophysical  data 
from  SAR  images  acquired  and  processed  at  the 
Alaska  SAR  Facility  (ASF)  which  will  be  located  in 
Fairbanks,  Alaska.  To  support  studies  in  ice 
dynamics,  one  of  the  functions  of  the  GPS  will  be  to 
derive  ice  motion  data  from  time-sequential 
imagery.  A  totally  automated  system  is  being 
developed  for  routine  generation  of  such  motion 
data.  To  accomplish  the  determination  of  ice  motion, 
the  GPS  will  utilize  a  complex  ice  motion  estimation, 
segmentation  and  tracking  algorithm.  The  ice 
motion  estimator  utilizes  wind  and  buoy  data  to 
estimate  the  mean  motion  of  ice  fields  within  an 
image  and  guides  the  database  search  for  location 
of  the  corresponding  image  containing 
approximately  the  same  ice  field  at  a  different  time. 
In  order  to  track  the  complex  motion  of  ice  floes 

(rotation  and  translation)  in  the  central  basin  and 
the  ice  margin,  a  hybrid  feature  tracking  and  area 
tracking  approach  is  taken.  The  feature  tracker 
computes  motion  of  segmented  region  boundaries 
and  the  estimated  motion  from  this  stage  is  used  to 
initialize  an  area  correlation  algorithm  which 
generates  motion  data  on  a  uniformly-spaced 
geocoded  grid.  The  motion  data  describe  the 
translation  and  rotation  of  the  area  in  the 
neighborhood  of  the  grid  nodes.  The  system  is 
implemented  on  a  high-performance  workstation 
equipped  with  an  array  processor.  The  output  data 
products  arc  available  for  distribution  through  the 
Archive  and  Operations  System  of  the  ASF. 

Keywords  -  Ice  Motion  Tracking,  Feature  Extraction, 
Feature  Matching,  Area  Matching,  Automated 
System. 

This  work  was  carried  out  under  contract  with  the 
National  Aeronautics  and  Space  Administration  at 
the  Jet  Propulsion  Laboratory,  California  Institute  of 
Technology. 


1.  Introduction 

The  Alaska  SAR  Facility  (ASF),  to  be  be  located  in 
Fairbanks,  Alaska,  will  receive,  record,  process  and 
dissiminate  SAR  data  acquired  by  the  European 
ERS-1,  Japanese  ERS-1  and  Canadian  RADARSAT 
satellites.  The  Alaska  SAR  Facility  (ASF)  will  be  the 
first  fully  integrated  system  for  handling  large 
volumes  of  SAR  data  ever  built  by  NASA.  It 
basically  consists  of  three  subsystem:  1)  the 
receiving  ground  station;  2)  the  high-speed  SAR 
processor;  and  3)  an  archive  and  operations  system 
that  supports  a  geophysical  processor  and  an  image 
analysis  workstation.  The  science  objectives  of  the 
ASF  program  are  multidisciplinary  including  studies 
in  air-sea-ice  interaction,  oceanography,  glaciology, 
geology,  hydrology  and  ecology.  To  support  these 
studies,  a  Geophysical  Processor  System  (GPS)  is 
being  developed  to  enable  manipulation  and 
analysis  of  the  ASF  data  as  well  as  routine 
generation  of  geophysical  products.  Presently  the 
GPS  has  two  components,  an  Ice/Oceans  Processor 
and  an  image  analysis  workstation.  This  paper 
focuses  on  the  description  of  one  of  the  functions  of 
the  Ice  Processor  GPS,  the  generation  of  ice  motion 
products  from  time-sequential  SAR  images.  The 
products  include  sea  ice  kinematics  data  sampled 
on  a  pre-defined  spatial  and  temporal  grid  with 
embedded  meteorological  data  acquired  from 
national  weather  centers. 

Recently,  a  number  of  automatic  ice  motion  tracking 
algorithms  (Fily  and  Rothrock,  1986;  Collins  and 
Emery,  1988;  Vesecky  et  al,  19881  have  appeared 
in  the  literature.  Most  are  based  on  the  use  of  area 
correlation  as  an  image  matching  technique  for 
deriving  the  translation  of  ice  floes.  Area 
correlation  is  mildly  tolerant  to  moderate  rotation 
of  image  features  but  give  erroneous  results  when 
large  rotations  are  present  Lee  (1988]  devised  an 
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operator-assisted  technique  to  initialize  the  area- 
based  search  for  image  correspondence.  Vesccky  et 
al  [1988)  proposed  a  edge-based  matching 
technique  for  constructing  the  translation  and 
rotational  parameters  however  only  a  sparse 
motion  field  was  generated.  Here,  a  hybrid 
algorithm  which  includes  a  feature  matching  and 
area  matching  stage  is  described.  The  algorithm 
seems  to  be  fairly  robust  when  tested  with  SEASAT 
motion  pairs.  The  system  which  will  be  installed  at 
ASF  will  be  totally  automated  for  routine 
generation  of  ice  motion  products. 

2.  Algorithm  Overview 

The  algorithm  flow  is  shown  in  Fig.  1.  A  desciption 
of  each  of  the  stages  follows: 

Ice  Motion  Estimator.  The  primary  function  of  this 
estimator  is  for  reducing  the  search  space  of  the 
location  for  the  image  pairs  containing 
approximately  the  same  ice  features.  The  estimator 
uses  motion  measurements  from  buoy  data  and 
wind  data. 

Feature  Extraction.  Region  analysis  is  applied  to 
extract  the  boundaries  separating  regions  of  similar 
intensity  and  texture.  Region  centroids  are 
determined  by  an  unsupervised  clustering  scheme 
and  the  pixels  are  separated  using  a  minimum 
distance  classifier.  Fig.  2  shows  a  SEASAT  image 
pair  and  the  regions  extracted  are  shown  in  Fig.  3. 

Feature  Matching..  The  region  boundaries  are  then 
vectorized  and  transformed  into  a  shape 
representation  where  rotations  are  mapped  into 
translations  in  the  ordinate. .axis  as  shown  in  Fig.  4. 
This  shape  descriptor  is  known  as  a  psi-s  curve.  Psi 
is  the  angle  made  between  a  reference  line  and  the 
tangent  to  the  region  boundary  and  j  is  the  distance 
along  the  boundary.  These  curves  are  matched 
using  a  simple  1-d  cross-correlation  of  short 
segments  of  the  shape  descriptor.extracted  from  the 
two  images.  The  highlighted  region  boundaries 
extracted  from  the  image  pair  are  shown  in  Fig.  4a 
and  the  corresponding  matched  psi-s  curves  are 
shown  in  Fig.  4b.  Figure  5  shows  the  matched 
region  boundaries  generated  using  this  feature 
matching  approach.  The  vectors  connect  the 
matched  region  boundaries  Both  translation  and 
rotation  are  obtained  with  this  technique.. 

Area  Matching.  The  results  from  the  preceding 
stage  is  used  to  initialize  the  area  matching  scheme 
which  is  required  to  generate  the  motion  field 
sampled  on  an  unifoimly-spaced  grid.  A  refinement 
of  tiie  translation  as  well  as  rotation  of  the  image 
features  in  the  neighborhood  of  the  grid  points  are 
performed  at  this  stage.  Figs.  6a, b  show  the  vector 
field  and  the  rotation  of  the  image  patches 
generated  at  the  grid  points  . 


Consistency  Checks  and  Filtering  of  Bad  Matches. 
As  an  operational  system,  the  ice  motion  processor 
must  meet  minimum  performance  criteria  in  terms 
of  accuracy  and  consistency  of  the  output  motion 
fields.  The  algorithm  includes  a  number  of  filtering 
processes  and  verification  checks  based  on  various 
match  metric  as  well  as  motion  constraints  to  filter 
out  matches  which  are  considered  false  . 

3.  System  Description 

System  Architecture,  and  Performance  The  system 
is  based  on  a  SUN-4  workstation  with  an  array 
processor  capable  of  ISMflops.  The  expected 
throughput  of  the  system  is  10  motion 
products/day. 

Data  Products..  The  motion  field  will  be  sampled  on 
an  Earth-fixed  SSM/I  grid  (grid  point  locations 
defined  by  a  Polar  Stereographic  projection  with 
the  secant  plane  at  70  deg.  N  and  the  map  vertical 
at  135  deg.  E)  with  5  km  grid  spacing  With  this 
spacing,  the  number  of  grid  points  within  a  100km 
image  frame  is  approximatcly.400. 

4.  Summary  Remarks 

An  automated  system  for  construction  of  ice  motion 
data  from  muliitemporal  SAR  images  is  briefly 
described  here.  The  tracking  algorithm  has  been 
tested  with  SEASAT  images  and  a  limited  amount  of 
C-band  aircraft  data.  Results  generated  using  this 
dataset  indicate  fairly  robust  performance  even 
near  the  ice  margin  where  considerable 
deformation  and  large  rotations  of  the  image 
features  can  be  observed. 
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Abstract 

Investigation  of  statistical  peculiarities  In  Agrl 
SAR  data  revealed  a  fundamental  flaw  In  the 
resampling  scheme  used  to  generate  the  amplitude 
Images.  This  led  on  to  a  study  of  hou  resampling 
affects  SAR  Image  statistics.  It  is  shown  that 
resampling  In  the  complex  Image  before  forming  the 
intensity  Image  conserves  the  exponential  form  of  the 
Intensity  Image  and  preserves  the  Intensity  mean  If 
the  Interpolation  scheme  has  unit  energy  when 
regarded  as  a  linear  filter  (eq  (7)).  The 
correlation  structure  of  the  Intensity  data  cannot  be 
conserved  by  any  finite  length  Interpolation  scheme, 
but  the  correlation  structure  Imposed  by  the 
Interpolation  can  be  explicitly  calculated. 

Resampling  In  the  Intensity  domain  falls  to  conserve 
the  distribution  or  correlation  structure. 


Inserted  by  averaging  In  the  complex  Image  and  taking 
the  modulus,  l.e.. 


and  P|^  appears  In  the  Image  between  |n|^|  and  |n|,^||. 
Unfortunately,  this  scheme  Ignores  a  fundamental 
property  of  SAR  data. 


Over  extended  targets,  the  coherent  Imaging  process 
causes  X|^  and  yj^  to  be  zero-mean  uncorrelated 
Gaussian  random  variables  (rvs)  with  the  same 
standard  deviation  o  (we  Ignore  texture  for  the 
moment).  The  Intensity  Image  formed  by  the 
operation 


^k  ■  Xk  +  ^k 


(3) 


Keywords:  AgrlSAR,  texture,  speckle. 

1.  Introduction 

The  motivation  for  the  work  presented  In  this  paper 
is  Che  observation  that  the  statistics  of  AgrlSAR 
images  show  peculiar  properties  (Quegan  and  Yanasse, 
1989).  In  Figure  1  we  show  the  result  of  averaging 
pixels  at  constant  range  from  a  section  of  an  AgrlSAR 
amplitude  Image.  The  periodicity  between  adjacent 
range  gates  Is  very  clear.  Upon  Investigation  this 
behaviour  was  traced  to  the  Interpolation  scheme 
used.  In  order  to  produce  approximately  square 
pixels,  the  system  designers  of  the  VARAN-S  system 
Inserted  an  extra  pixel  between  every  directly 
measured  value  In  the  range  direction.  The  first 
method  used  to  do  this  was  nearest  neighbour 
Interpolation,  but  this  led  to-  'blcckiness'  In  the 
data  which  was  thought  unacceptable  (Freeman  and 
Keen,  1986).  As  a  result,  the  Interpolation  scheme 
was  altered,  as  follows. 

In  the  range  direction,  the  VARAN-S  collects  3000 
complex  samples  n|^  per  azimuth  position; 


then  has  mean  2o^,  l.e.  the  mean  of  the  Intensity  (or 
amplitude)  Image  Is  determined  by  Che  standard 
deviation  In  Che  complex  Image.  The  operation  (2) 
preserves  the  mean  .'alue  of  the  complex  data,  but 
reduces  Its  standard  deviation  by  a  factor  /7, 
leading  to  the  distortion  of  the  mean  values  of  the 
Interpolated  pixels  in  the  amplitude  data  observed  in 
Figure  1.  (A  more  comprehensive  treatment  taking 
account  of  pixel  correlation  Is  given  In  Quegan  and 
Yanasse  (1989)). 

The  question  arises  as  to  what  Interpolation  schemes 
are  valid  for  SAR  data,  and  how  the  type  of  error 
present  In  the  AgrlSAR  data  can  be  avoided.  SAR 
offers  a  particularly  Interesting  data-cype  for  this 
problem,  since  we  have  the  option  of  Interpolating  In 
Che  complex  or  Intensity  domain,  and  we  need  to 
understand  If  they  arc  equivalent.  SAR  data  also 
forces  us  to  question  what  quantity  we  wish  to 
preserve  when  we  carry  out  resampling. 

Classically,  we  attempt  to  preserve  the  signal 
Itself;  the  Shannon-Nhltteker  sampling  theorem  Chen 
tells  us  to  use  Interpolation. 


"k  ■  ’‘k  ^^k 

where  Xj^  and  yj^  are  the  In-phase  and  quadralure 
components  of  Che  signal  respectively.  The  amplitude 
Image  Is  formed  by  taking  the  modulus  of  nj^.  Between 
each  such  value  formed,  an  extra  pixel  value  p|^  Is 


In  practice,  truncation  of  the  Interpolating  sequence 
Is  necessary.  The  errors  due  to  this  can  be 
quantified  in  both  a  mean-square  and  absolute  value 
sense  (Papoulls,  1977),  but  there  arc  still 
unfortunate  artefacts  such  as  generation  of  negative 
values  for  positive  signals,  and  distortion  of 
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staclsclcs  (Clark  eC  el,  1989).  Some  of  these  errors 
can  be  reduced  by  applying  a  taper  to  the  ^*|| 
Interpolator,  but  that  Is  not  discussed  here. 

Despite  these  problems,  ^  Interpolation  Is 
clearly  the  correct  approach  to  use  when  examining 
SAR  Images  In  the  neighbourhood  of  Isolated 
scatterers,  such  as  Is  necessary  when  examining  the 
response  from  corner  reflectors  for  calibration 
purposes.  However,  for  many  purposes,  the  most 
Important  properties  of  the  SAR  data  to  preserve  are 
the  statistical  properties  of  extended  targets.  This 
approach  Is  the  one  we  Investigate  In  this  paper,  and 
we  set  out  the  basic  statistical  Implications  of 
Interpolation  In  the  complex  domain  (Section  2)  and 
the  Intensity  domain  (Section  3).  The  treatment  used 
Is  simple  In  the  sense  that  we  only  deal  with 
preservation  of  speckle  statistics  In  untextured 
areas.  The  Implications  for  measurements  of  texture 
are  discussed  at  a  number  of  points  In  the  sequel. 

2.  Resampling  the  complex  signal. 

In  this  section  we  examine  the  statistical 
Implications  of  performing  an  Interpolation  of  the 
form 

"k  “  L  "k+J 

on  the  complex  data  (n|^} ,  before  forming  the 
Intensity  Image  |m|^P  where  the  Cj  are  constants  and 
we  In  fact  expect  Cj  “  0  unless  N  <  j  <  N^,  some  Nq, 
(l.e.  a  finite  Interpolation  algorithm). 

The  Interpolation  (4)  Is  simply  a  linear  filtering 
operation.  Over  homogeneous  areas  the  nj^  are 
wlde-sensc  stationary  circular  Gaussian  mean-zero 
random  variables  with  variance  o  In  the  real  and 
Imaginary  channels,  and  uncorrelated  real  and 
imaginary  parts.  Hence  the  will  be  Gaussian 
(Papoulls,  1984)  and  zero-mean,  and  we  can  show 
readily  that  the  real  and  Imaginary  parts  of  the  mj^ 
are  uncorrelated  with  standard  deviation  o/T, 
where 

E  -  |cJ2  (5) 

The  Intensity  Image  |m|j|2  will  therefore  have 
negative  exponential  statistics,  as  desired,  with 
mean  value  2o2e.  Preservation  of  the  mean  therefore 
gives  the  constraint 


L  '"kl'  ■  ‘ 

which  was  violated  In  the  AgrlSAR  data. 

As  well  as  the  single  point  statistics.  It  Is 
Important  to  consider  the  two  point  statistics 
resulting  from  (4).  This  Is  because  textural 
Information  Is  present  In  SAR  data  and  can  be  found 
using  autocorrelation  concepts  (Oliver,  1989).  We 
consider  here  only  the  autocorrelation  function  (acf) 
of  the  complex  and  Intensity  data,  and  show  that 
interpolation  Introduces  correlation  which  must  not 
be  Interpreted  as  texture. 

Direct  calculation  or  use  of  linear  system  concepts 
shows  that 


R„(j)  ■  E  (Ok+jiajJ) 

■  I  I  Ck=l  Rn  (j  +  k  -  i)  (7) 


where  R,j(j)  Is  the  acf  of  {m|^},  j  Is  an  Integer,  E  Is 
expectation  and  *  denotes  complex  conjugate.  RpCJ) 

Is  defined  similarly.  In  the  Ideal  Nyquist  sampled 
case 


and  hence 


j  -  0 
j  *  0 


Rm(J)  ■  2°^  I 

“  2o2  pj,(j) 


(8) 


(9) 


where  Ph(J)  Is  the  acf  of  the  system  function  [h] 
associated  with  (4),  and  we  have  used  (6). 


We  note  In  passing  that  no  finite  set  of  (cj^}  can 
permit  8^(1)  “  Rn(J7  for  all  j,  except  the  trivial 
case  Ck  "  ±  1  some  k,  c.  “  0  forj  #  k,  which  Is 
equivalent  to  translating  the  whole  data  set.  (An 
Infinite  set  {c,,}  allowing  R„(j)  “  RnC.D  afforded 

hy  P^S}(ic-e)^^^  other  solutions  are 

possible).  Hence  the  auto-correlation  structure  of 
the  data  must  be  changed  by  this  operation. 


Upon  forming  the  Intensity  Image  Ij^  ■  "e  can 

use  the  Sleget  relationship  to  show  that 
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Ci(J)  ■  Ed^^j  I^)  -  e2(I,) 

■  |Ph(J)|^ 

-  io"*  ||  C,^cji+j|2  (10) 

Note  that  the  variance  of  I  Is  given  by 

c\  -  Cj(0)  -  i*a'*  (11) 

using  (6).  Equation  (10)  describes  the  effects  of 
any  Interpolation  scheme  based  on  the  complex  data. 
However,  It  Is  not  complete  because  It  treats  only 
the  autocovariance  structure  of  the  Interpolated 
samples.  In  many  cases  In  going  from  the  complex  to 
the  Intensity  Image  we  want  to  Insert  extra  samples, 
mainly  because  of  bandwidth  and  Nyqulst  sampling 
considerations.  We  deal  here  only  with  the  simplest 
case  where  we  Insert  one  extra  point  between  each 
pair  of  complex  sample  values  using  equation  (4) 
before  forming  the  Intensity  Image.  He  assume  that 
the  Intensity  value  corresponding  to  the  original 
data  value  Is  Hence  the  Intensity  data 

{ij^}  are  given  by 


'k-1 


I 


21 

21  +  1 


(12) 


where  mj(  Is  given  by  (4). 


Then,  for  the  Ideal  case  given  by  (8),  the  auto 
covariance  Is  no  longer  stationary.  In  particular. 


1-r 


(p.q) 


E(^k+p  ^k+q)  ■  ^ 

P  -  q  (13) 

k  +  p  4  k  +  q  even,  p  q 


k  +  q  4  k  +  q  odd,  p  #  q 


Ph 


1 

'"3^+  1 


k  +  p  even,  k  +  q  odd 


k  +  p  odd,  k  +  q  even 

where  we  have  used  (11).  This  complicated  acf 
structure  must  be  borne  In  mind  when  Interpreting  any 
apparent  textural  properties  of  the  data.  Note  that 
none  of  these  problems  occur  If  the  original  complex 
data  Is  oversampled.  Then  the  Intensity  Image 
corresponds  to  genuine  signal  values  and  stattonarlty 
Is  guaranteed. 


3.  Resampling  Intensity  data 

III  this  section  we  assume  that  an  Intensity  Image 
(l|^}  has  been  formed  from  an  oversampled  complex 
image.  If  the  complex  Image  has  been  formed  by 
Interpolation,  the  results  of  the  previous  section 
tell  us  that  the  situation  is  more  complicated.  The 
Intensity  Image  has  a  covariance  which  Is  not  simply 
a  delta  function,  because  of  the  oversampling.  (The 
torm  of  this  autocovariance  is  readily  defined  in 
terms  of  the  complex  correlation  function  of  the  SAR, 
using  the  Slegert  relation  again  (Quegan  et  al, 
1986)). 

For  a  resampling  scheme  similar  to  (4) 

Pk "  5  oj  w 


where  the  dj  are  constants,  we  again  have  a  linear 
filtering  operation.  However,  we  can  no  longer 
appeal  to  the  helpful  properties  of  Gaussian  Inputs, 
since  the  {ij^)  are  correlated  exponentially 
distributed  random  variables.  As  a  result,  we  will 
no  longer  preserve  the  probability  distribution 
function;  (pj^)  will  not  be  exponentially  distributed. 
Establishing  the  form  of  the  pdf  of  {p^)  In  the 
presence  of  correlation  Is  complicated  and  Is  not 
discussed  here.  However,  we  can  Illustrate  that 
changes  occur  by  considering  the  unrealistic  case  of 
Independent  exponentially  distributed  {l. ).  Then 
the  characteristic  function  of  p|^  Is  given  by 


*p(u)  ■  ^  (15) 

where  4j((i))  Is  the  characteristic  function  of  the 
random  variable  Ij^,  and  since  I^  Is  exponentially 
distributed  with  mean  2o^  has  the  form 


*l((d) 


1  _ 

1  -  21o3ti) 


(16) 


Without  going  into  details.  It  Is  clear  that  the 
product  on  the  right-hand  side  of  U4)  can  be 
expanded  Into  partial  fractions.  If  all  the  d,  are 
distinct  this  will  give  rise  to  a  weighted  sum^of  the 
form 


*p(u)  "  ^  (dju)  (17) 

where  the  Aj  are  constants,  and  the  pdf  of  {pj^j  can 
be  found  by  an  Inverse  transform  (which  will  yield  a 
weighted  sum  of  negative  exponentials).  If  some  of 
the  dj  are  repeated,  •.nis  will  give  rise  to  gamma 

function  terms. 

It  Is  clear  that.  In  general,  {pj^}  and  (ij^)  have 
different  distributions  (different  characteristic 
functions),  but  we  note  two  exceptions.  The  first  is 
the  trivial  case,  where  all  the  d.  are  0  except  for 
some  d|j  ■  1.  The  second  Is  when  the  set  of  dj  Is 
infinite  and  corresponds  to  Nyqulst  samples  of  a 
sinx/x  function.  Similar  conclusions  apply  In  the 
presence  of  co -relation. 

Since  the  pdf  Is  not  preserved  in  general,  we  may 
choose  to  impose  constraints  to  preserve  other 
quantities.  In  particular,  preservation  of  the  mean 
Implies 

^  dj  -  I  (18) 

Since  Rp(k)  -  E  (pj+,^pj) 

-  djd^  Rl(k+J-2),  (19) 

preservation  of  the  variance  Implies 

80"  -  Rp(0)  -  n  djdjj  Rj(j-X)  (20) 

Preservation  of  each  moment  or  successive  lag  of  the 
acf  yields  a  new  constraint.  Solutions  to  these 
constraints  are  still  being  investigated. 
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4.  Conclusions 

(a)  Interpolation  of  SAR  data  in  the  complex  image 
yields  correct  intensity  distributions  and  mean 
preservation  if  constraint  (7)  is  met.  The 
autocorrelation  structure  of  the  intensity  data 
becomes  non-statlonary  and  complicated  unless  the 
complex  data  is  already  over-sampled,  or  an 
infinite  interpolation  scheme  is  used. 

(b)  Interpolation  in  the  intensity  image  affects  both 
the  probability  distributions  and  the 
autocorrelation  structure.  A  full  treatment 
taking  account  of  correlation  of  samples  is 
currently  being  developed. 

(c)  Further  work  is  required  to  investigate  the 
effects  of  resampling  on  textural  measurements. 
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Abstract 

Two  fftniilics  of  opliiiiuiu  rcaliznlilc  rus.-oiipliiig  kernels  are  developcil 
for  use  with  reiiiotcb-sensed  data  in  clean  and  nois^'  ciuironinents. 
These  robust,  model  based  kernels  arc  designed  for  mialmmu  mean 
square  resampling  error. 

The  first  fanuly  of  kernels  is  designed  for  use  with  Nyriuist-sninplcd 
imagery.  The  resulting  kernels  offer  performance  ns  good  as  the  best 
of  the  popular  resamplers  in  clean  environments,  and  superior  per¬ 
formance  in  noisy  environments. 

The  second  fanuly  of  kernels  is  designed  for  rc$am]ding  aliased  im¬ 
agery.  For  smaller  kernels,  resampling  performance  improvement 
is  achieved  over  traditional  resamplers.  Most  notably,  experiments 
show  that  the  4  X  d-point  kernel  can  reduce  resampling  error  by  more 
than  22%  over  cubic  convolution. 

Introduction 

The  need  for  radiomctrically-nccuratc  resampling  algorithms  arises 
regularly  in  problems  of  quantitative  remote  sensing.  Indeed,  resam¬ 
pling  plays  a  crucial  role  in  the  correction  of  raw  satellite  image  data 
and  its  and  transformation  to  a  UTM  coordinate  grid. 

In  general,  the  problem  of  resampling  or  interpolation  involves  the 
reconstruction  of  a  waveform  known  only  at  a  finite  collection  of 
points — usually  on  a  regular  snnqrling  grid.  Most  interjiolators  cur¬ 
rently  in  use  fall  into  two  categories; 

S])linc-basc(I  Iiitcr))olntioii  Here,  the  sampled  data  is  splined  to¬ 
gether  with  curves  of  the  desired  form.  Nearest-neighbour,  bi¬ 
linear,  and  cubic-convolution  interpolation  arc  examples  of  this 
method  (3),  corresponding,  respectively,  to  piecewise-constant, 
linear,  and  cubic-polynomial  splines. 

Sinc-bnsed  Iiitcrpolntion  Here  it  is  assumed  that  the  waveform  to 
be  reconstructed  is  band-limited  and  that  the  sampling  grid  is 
sumciemiy  dense,  in  tiiis  case,  opiimum  iiiterpoialiun  requires 
the  use  of  sine  functions  and  is,  in  fact,  nnnalizubic.  Rcaliz- 
iible  approximations  to  this  me' hod  have  relied  on  the  use  of 
windowing  techniques  j'lj  (Sj. 

Inherently,  both  approaches  make  use  of  certain  smoothness  assump¬ 
tions  about  the  waveform  being  reconstructed'.  And,  while  the 
resulting  interpolators  have  been  shown  empirically  elfertive  both 
subjectively  and  in  terms  of  IlMS  error— they  have  not  been  designed 


to  be  optimal  in  any  particular  sense. 

In  this  work,  we  describe  a  framework  in  which  to  design  families  of 
optmuim  realizable  resampling  kernels  which  give  nunimum  mean- 
square  resampling  error  based  on  some  simple  but  reasonable  models 
for  the  underlying  imagery.  Some  related  formulations  hove  been 
considered  in  |lj  |2j. 

A  Framework 

Through  the  remote  sensing  process,  distorted  and  corrupted  sam¬ 
ples  of  tile  ground  radiance  image  constitute  the  available  raw  data. 
While  various  effects  such  ns  Earth  curvature  and  satellite  motion 
cause  these  samples  to  be  irregularly  spaced,  we  shall  assume  that 
the  sampling  falls  approximately  on  a  rectangular  lattice  at  some 
rotation. 

It  will  also  be  convenient  to  employ  imagery  models  with  a  degree  of 
statistical  separability  with  respect  to  the  along-scan  and  across-scan 
directions.  While  this  .assumption  has  no  strong  physical  basis,  it 
ensures  that  we  obtain  scp.ar.able  resampling  kernels  suitable  for  two- 
pass  processing,  and  it  allows  us  to  consider  along-scan  and  across- 
scan  resampling  as  two  separate  one-dimensional  problems. 

In  its  discrete  form,  the  general  one-dimensional  resampling  environ¬ 
ment  is  ns  shown  in  Fig.  1.  The  continuous-time  signal  x(l)  repre¬ 
sents  the  radiance  of  ground  imagery.  The  linear  shift-invari.ant  filter 
y(()  models  the  sensor  distortions  before  and  during  sampling.  With 
bandsat  data,  for  example,  g(t)  can  be  used  to  account  for  detector 
size  effects  (cross-scan)  .and  band-pass  filtering  (along-scan)  in  the 
sensor  as  well  .as  non-ideal  s.ampling.  The  additive  sequence  win) 
models  noise  in  the  acquisition  process  arising  during  sensing,  s.am¬ 
pling  at  rate  T,  and  quantization.  The  available  data  for  rcsamj'ling 
is  then  v)nj. 

The  rcsamplcr  is  reirresented  by  the  filter  /i(n).  To  ensure  that  this 
filter  is  realizable  and  stable,  we  enforce  the  constraint  that  /i[nj  have 
finite  extent,  i.e., 

.k[nj  -  0,  '  A.',  r:  ;Y.  (!) 

for  some  M  <  JV  (usu.ally  A/  =  ~N  -k  1). 

Finally,  we  want  the  res.ampler  output  at  some  instant  no  to  best 
recover  z(/o)  for  an  .arbitrary  to  from  the  sequence  u(n),  though  we 
recognize  that  during  subsequent  stages  of  processing  we  may  ulti¬ 
mately  be  interested  in  recovering  a;(/o). 

'imlecd.  witliout  some  Rtlditioiiat  iiiloniiatioit  tlicrc  is  no  “coitcct”  way  to 
reconstruct  the  waveform. 
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/  =  iiT  I  n  =  Ho 

«’l"i 

Figure  1:  The  general  resampling  environment. 


We  shall  assume  that  z(t)  is  a  zero  mean,  widc-sense  stationary  ran 
dom  process.  The  zcro-iiieim  assumption  is  not  serious,  ."or  rve  may 
always  process  our  non-zero  mean  imagery  by  removing  the  mean 
prior  to  resampling  and  restoring  it  iimuediatcly  thereafter.  The 
wide-sensc  stationarity  assumption  is  somewhat  stronger,  but  results 
in  resampling  kernels  wbich  are  invariant  over  the  imagery.  As  a 
consequence  of  stationarity,  we  may  write  tlie  autocorrelation  of  r(l) 
as 

fl4r)  =  £:(T«K<-r)|  (2) 

The  noise  sequence  w(n]  is  considered  to  be  zero'inean  and  white  with 
power  so  that 

=  £;H«Hn- *11  =  I  l  =  l  (3) 


Kernels  for  Band-limited  Imagery 


In  this  section,  we  assume  that  z(t)  is  strictly  band-limited  and  that 
the  corresponding  z(<)  has  been  sam|)lcd  at  or  above  tlie  Nvqu''t- 
rate.  Provided  tlie  sampling  is  noise-free  (<r*  =  0)  it  is  wel'-known 
that  z((o)  may  be  recovered,  in  principle,  from  the  samples 

u(n)  =  ;(nl  =  z(nT),  n  =  0,  ±1,  ±2, . . .  (4) 

In  particular,  choosing  a  suitable  a  €  (0, 1)  and  integer  hq  such  that 
to  =  (Hot-o)T,  (5) 

Whittaker-Shannon  sampling  theory  assures  us  that 


z(to)  =  (/... )1ho) 


/i(n)  =  sinc(n  (  n)  = 


sinzr(n  -p  g) 


‘  ’  . . . 

Unfortunately,  this  sine  filter,  corresponding  to  band-limited  inter¬ 
polation,  has  inflnite  extent  and  is,  in  fact,  unrealizable.  Moreover, 
we  have  only  a  finite  segment  of  the  sample  sequence  z|n)  available. 
While  the  truncated  sine  filter  seems  a  natural  candidate  for  our  re¬ 
sampling  kernel,  we  shall  see  that,  in  fact,  it  is  optimal  only  for  a 
rather  specific  .and  atypic<al  scenario. 

Using  a  Wiener  filtering  framework,  we  may  define  our  objective  .as 
mininuzing  the  mean-square  resampling  error 

£  =  .B[(z(lo)-i(M)^]  (8) 

where  i(to)  is  the  output  of  filter  /i(n)  at  no,  viz., 


r(tn)  =  ylnnj  =  ^  /il*hzjnn  -  *)  -f  lajiin  -  *1).  (9) 

k=M 

Note  that  we  may  express  z(to)  in  terms  of  the  ideal  intcrjiolator  A(n) 

'>y 

z(to)  =  f;  /.|*!c|no  -  *|.  (10) 

kscc 


By  minimizing  (8)  using  (9)  and  (10),  it  is  straightforward  to  show 
that  the  optimal  resampler  /i[ri)  satisfies  the  Toeplitz  normal  equa¬ 
tions 


N  00 

52  -  *)  + /i(iV  =  52  (1*) 

t=,u  ).=-«> 

for  n  =  A/,  Af  -I- 1, . . . ,  N. 

If  the  samples  zlti)  are  modeled  .as  a  first-order  .autoregre-ssive  (AR(1)) 
sequence,  then 

oc  pi''!  (12) 

for  some  |p|  <  1.  These  are  popular  simplified  models  for  image 
processing.  Note  that  p  is  a  measure  of  the  degree  of  correlation  in 
the  data,  with  p  -  0  corresponding  to  white  (uncorrelated)  data. 
Empirical  stui'.es  have  shown  that,  for  a  variety  of  imagery,  values  of 
p  near  1  are  most  applicable. 

Using  the  Ali(l)  model,  tbe  normal  equations  m.ay  be  solved  to  give 
the  optimum  resampler 

OO 

^/il-l:  + Mjp’'  u  =  i\l 
k=o 

/i|n)  =  H  /i(n)  M  <  11  <  N  (13) 

OO 

52  hi*  4-  A'Ip^’  n  =  N 


k^O 

SpAtlal  (Inpulg*!  Rgtpo&tg 


0  0.0  I  '1.0  2  2.0 

r 


Figure  2:  Spatial  and  frequency  response  characteristics  of  the  opti¬ 
mal  IGx  IG-point  interpolator  fur  band-limited  im.agery  corresponding 
to  p  ~  1  and  <7*  =  0.  The  Kaiser-windowed  sine  interpolator  is  shown 
for  comparison. 
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Evidently,  this  rcsanipler  is  a  generalization  of  the  truncated  sine 
filter,  for  when  p  =  0,  /i(nj  is  indeed  a  truncated  sine.  However, 
for  p  near  1,  /i[n]  is  a  truncated  sine  whose  end-points  are  reduced 
in  magnitude.  Note  that  in  the  limiting  case  p  -•  1,  the  filter  is 
normalized  ^ 

M"!  =  £  /'l”l  =  >.  (H) 

n=A/  Jtf="CO 

obviating  the  need  for  mean-removal  in  the  resampling  process.  Fig.  2 
compares  the  siiatial  and  frequency  characteristics  of  tlie  16  x  16- 
point  interpolator  corresponding  to  p  •>  1  and  <7*  =  0  with  that  of 
the  Kaiser-windowed  sine  interpolator. 


keriiei 

■ 

Noise 

■  Error  (DN) 

Type 

P 

size 

SNR 

RMS 

Peak 

New 

1 

2x2 

- 

4.9 

25 

Bilinear 

- 

2x2 

- 

5.1 

20 

New 

~  1 

4x4 

- 

3.8 

17 

Cubic 

- 

4x4 

- 

3.2 

15 

New 

~  1 

8x8 

- 

2.0 

11 

Ilanuning 

8x8 

- 

1.8 

8 

New 

~1 

16x  16 

- 

1.0 

8 

Kaiser 

- 

16  X  16 

- 

1.4 

7 

New 

0.9 

10  X  10 

1  dB 

10.5 

75 

Kaiser 

- 

lOx  10 

1  dB 

27.0 

95 

New 

0.9 

16  X  10 

11  dB 

7.4 

30 

Kaiser 

- 

16x  10 

11  dB 

8.8 

30 

Table  1:  Resampling  performance  of  kernels  for  band-limited  imagery. 


Resampling  Experiments 

To  evaluate  the  resampling  kernels  derived  in  this  section,  a  126 x  128- 
pixel  test  chip  was  twice  resampled  by  one-half  pixel  both  horizon¬ 
tally  and  vcrtic.ally,  and  compared  to  a  displaced  version  of  the  orig¬ 
inal  chip.  In  some  tests,  the  chip  was  artificially  degraded  by  addi¬ 
tive  white  Gaussian  noise  to  achieve  a  prescribed  signal  to- noise  ratio 
(SNR)  prior  to  resampling.  As  appropriate,  comparisons  are  made 
to  the  traditional  resampling  schemes,  bilinear  interpolation,  cu 
bic  convolution,  ilaiiuuiiig  windowed  sine  interpolation,  and  Kaiser- 
windowed  (j3  -  6)  sine  interpolation.  As  the  results  in  Table  1  indi¬ 
cate,  the  new  kernels  are  competitive  with  the  best  of  the  traditional 
resamplers  in  noise-free  environments  dcspiti;  a  markedly  dificrent 
kernel  shape.  Moreover,  in  the  presence  of  noise,  the  new  kernels 
ofier  much  improved  performance. 


Kernels  for  Aliased  Imagery 


In  the  last  section,  it  was  assumed  that  x{t)  was  band-limited.  Un¬ 
fortunately,  in  i)racticc,  imagery  is  only  approximately  band-limited 
and,  in  any  case,  is  always  sampled  in  a  manner  which  introduces 
some  aliasing.  In  this  section,  we  develop  an  alternative  set  of  ker¬ 
nels  based  upon  a  model  which  accounts  for  aliasing  introduced  in 
the  sensing  process. 

Wc  begin  by  modeling  z*,/)  as  a  c''ntin”on«  AP(!)  pr#, ri.««  for  whicli 
the  autocorrelation  function  satisfies 


/I(t)  =  E  [*(/)!:(( -r))occ-'-»''‘  (15) 


where  uTo  >  0  is  a  parAineter.  Tiie  choice  of  u.*o  specifies  the  degree  of 
corrolntlon  in  the  data,  and  values  near  0  arc  approjiriatc  for  imagery. 
Since  the  power  spectrum  for  this  process  is 


5,(u;)  =  :r{/l,(r)}  a 


1 

1  +  {yljwoY' 


it  is  evident  that  z(t)  is,  indeed,  not  band-limited.  Note,  also,  that 
for  some  0  <  p  <  1,  (15)  may  be  re-written  ns 

R(t)  «  (17) 

where,  evidently,  u»o  »  0  corresponds  to  p  k:  1. 

Now  for  arbitrary  the  minimization  of  (8)  subject  to  (9)  gives 

the  optimal  resampler  ns  the  solution  to  the  normal  equations 
N 

Y,  Mb)fl.((«  -  k)T)  -b  cr’/,|n|  =  R.((n  -b  a)T)  (18) 
U=M 

for  I.  =  ilf.  A/ -b  1 . N. 

In  the  absence  of  p(t),  this  optimunt  resampler  is  given  by 

f  (p-’“-“>-P<'-“>)/(p-'-p)  >1  =  0 

/i(n)=  ^  (p-“-p”)/(p-> -p)  n  =  l  (19) 

[  0  otherwise 

which  gives  bilinear  interpolation  in  the  limit  p  —  1.  This  rather 
surprising  result,  also  deduced  by  Polydoros  and  Protonotarios  |2], 
establishes  that  for  such  highly-correlated  signals  a  two-point  resam¬ 
pler  is  optimal.  In  fact,  this  is  a  consequence  of  the  extensive  aliasing 
in  the  samples  of  these  signals. 


More  realistically,  some  low-pass  filtering  takes  place  in  the  sensor. 
In  fact,  if  the  sensor  performs  natural  sampling,  so  that  g(t)  is  given 

i>y 


l/T  \t\<T/1 

0  iti>T/2  ’ 


(20) 


then 


J  [p'+W-2pW  +  p>-M  +  2(|7|-l)p]//«’  ItI<1 
[pWbi_2pWI  +  plM->]/„»  1^1  >1 

(21) 

where 

/.  =  ln|p|.  (22) 


Using  this  expression  for  R:(  j,  the  normal  equations  (18)  may  be 
solved  numerically  to  obtain  resamplers  parameterized  by  p  and  o’. 
In  noise-free  environments  (o’  -  0),  these  resamplers  have  a  damped 
sine  appearimee  sinular  to  be  that  of  the  Kaiser-windowed  sine  inter 
polators,  but  with  stronger  damping.  Fig.  3  compares  the  spatial  and 
frequency  characteristics  of  the  4  x4-])oint  interjiolator  corresponding 
to  p  =  0.9  and  o’  =  0  with  those  of  cubic  convolution. 


(10) 
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Figure  3:  Spatial  and  frequency  response  characteristics  of  the  op¬ 
timal  i  X  4-point  interpolator  for  ali<ased  imagery  corresponding  to 
p  =  0.9  and  =  0.  The  cubic  convolution  interpolator  is  shown  for 
comparison. 


Kernel 

Error  (DN) 

Type 

New 

lilCl 

EBB 

24 

Bilinear 

m 

26 

New 

liwl 

12 

Cubic 

H 

4x4 

KOI 

15 

New 

IQQI 

8x8 

2.1 

10 

Hanmung 

H 

8x8 

1.8 

8 

New 

16  X  16 

ii 

10 

Kaiser 

16x16 

1.4 

7 

Table  2:  Resampling  performance  of  kernels  for  aliased  imagery. 
Resampling  Experiments 

An  experimental  framework  similar  to  that  described  earlier  was  em¬ 
ployed  in  the  evaluation  of  these  resampling  kernels,  though  only 
noise-free  (o’  —  0)  scenarios  were  considered  this  time.  Table  2  indi 
cates  the  .esampling  results  using  kernels  corresponding  lo  p  =  0.9. 
(In  fact,  resampling  performance  was  observed  to  he  relatively  in¬ 
dependent  of  p.)  Improvements  in  performance  can  be  noted  for  the 
smaller  sized  resamplers — indeed,  the  4  x  4-point  resamiiler  gives  22% 
less  resampling  error  than  cubic  convolution. 

Discussion 

Despite  the  simplicity  of  the  models  employed  in  this  work,  some 
remarkably  effective  resampling  kernels  have  been  developed  for  use 
with  remotely-sensed  data. 

The  first  far.uly,  based  on  an  overly-optimistic  model  assuming  no 
aliasing  in  th-  sensing  process,  yields  kernels  whose  performance  vir¬ 
tually  indistinguishable  from  the  best  of  the  popular  resamplers,  par¬ 
ticularly  in  the  case  of  large  kernels.  Itoweve.’,  the  new  kernels, 
though  sinc-like  in  appearance,  exhibit  considerably  less  damping 
than  traditional  Kaise.--windowed  interpolators.  In  noisy  environ¬ 
ments,  the  appropriate  optimum  kernels  signific.'intly  outiierform  the 
traditional  resamplers,  oirtimaliy  combining  noise  removal  (smooth¬ 
ing)  and  interpolation.  These  kernels  may  be  of  use  in  some  resam¬ 
pling  scenarios. 


The  second  family  of  kernels  is  based  on  an  overly-pessimistic  model 
which  assumes  that  significant  aliasing  is  introduced  in  the  sensing 
process.  These  kernels  arc  especially  eficclivc  for  low.order  interpola¬ 
tion,  such  ns  in  the  case  of  4  x  4-poinl  resampling.  Much  of  this  gain 
is  due  to  the  fact  that  the  false  coi;'  '■est  enhancement  of  cubic  con¬ 
volution  is  .avoided.  Kernels  of  this  faimly  also  have  a  damped-slnc 
appearance,  though  the  degree  of  damping  is  more  pronounced  than 
is  commoidy  introduced  with,  for  example,  typical  Kaiser  windows. 

Note  that  while  it  may  seem  tempting  to  by-pass  the  autoregressive 
autocorrelation  models  R,{-)  of  this  work  and  estimate  the  required 
values  directly  from  data,  this  approach  has  some  inherent  difficulties: 

1.  it  is  only  possible  to  estimate  samples  of  the  autocorrelation 
from  our  sampled  data; 

2.  the  quality  of  the  estimation  may  be  poor  if  the  <r’  is  large;  and 

3.  some  additional  assumption  about  the  data  such  as  hand-limiting 
must  be  made  to  enable  interpolation  of  the  autocorrelation. 
This  effectively  prohibits  the  incorporation  of  alicising  into  the 
framework. 

Nevertheless,  for  the  noise-free,  b.and-limlted  case,  this  approach  is 
feasible  and  was  considered,  in  fact,  by  Shlien  [3].  However,  while 
kernels  adopted  locally  to  the  data  can  give  excellent  resampling  error 
performance,  the  results  can  be  misleading.  After  accounting  for  the 
additional  computation  inherent  in  the  accumulation  of  statistics,  one 
finds,  in  practice,  that  the  same  level  of  performance  can  be  attained 
much  more  cheaply  simply  by  using  a  larger  sized  resampling  kernel. 

In  conclusion,  therefore,  we  have  described  an  apparently  useful  frame¬ 
work  for  the  design  of  interpolators  for  remotely-sensed  data.  Future 
work  ought  to  address  the  development  of  more  refined  models  for 
both  the  imagery  and  the  satellite-dependent  sensing  process. 
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ABSTRACT 

A  Landsat  Thematic  Mapper  image  was  used  to  study  the  effect  of 
resampling,  by  nearest  neighbour  (NN)  and  by  cubic  convolution 
(CC)  interpolation,  on  the  outcome  of  subsequent  image 
classification.  The  image  was  subjected  to  9°  and  3S°rotations 
before  resampling.  The  analysis  was  based  on  comparing  pixel 
counts  in  classes  obtained  from  the  original  and  resampled  images 
and  on  examining  th;  confusion  matrices.  It  has  been  concluded, 
that  resampling  can  alter  the  radiometric  content  of  images  to  an 
extent  that  pixel-by-pixel  agreement  between  the  classification  of 
the  original  and  resampled  data  is  only  in  the  order  of  60%  to 
80%. 

Keywords:  classification  accuracy,  geometric  fidelity, 
radiometric  fidelity,  registration,  resampling. 


INTRODUCTION 

Numerous  applications  require  that  digital  images  be  fitted  to  a 
geographic  reference  system,  or  matched  with  another  image. 
This  o^ration  is  performed  by  two  transformations,  a  geometric 
and  a  radiometric.  The  first  transformation  calculates  new  pixel 
locations  with  respect  to  a  reference  system  or  another  image.  The 
latter  involves  the  generating  of  new  radiometric  value  for  each 
new  pixel  by  a  mathematical  interpolation,  called  resampling. 
Several  resampling  techniques  have  been  developed  with  different 
characteristics  in  regard  to  geometric  accuracy,  radiometric 
fidelity,  computing  time,  etc.  These  techniques  are  well 
documented  in  the  literature. 

The  accuracy,  with  which  a  resampling  technique  reconstructs  the 
original  spatial  and  radiometric  data,  must  be  known,  in  order  to 
assess  the  impact  of  resampling  on  the  subsequent  application. 
Each  time  an  image  is  resampled,  the  radiometric  values, 
represented  by  the  digital  numbers  (DN)  of  pixels,  are  modified, 
changing  the  original  information  content  of  the  image. 
Consequently,  this  influences  the  subsequent  visual,  statistical, 
and  quantitative  analyses.  As  Log?..i  and  Stabler  [1979]  has  stated: 

Use  of  one  resampling  algorithm  over  another  will  produce 
a  different  classification  resul  because  different  algorithms 
generate  different  density  values. 

Several  studies,  pertaining  to  this  problem,  have  been  undertaken, 
but  still  no  consistent  findings  have  emer^ged,  as  echoed  by  the 
following  statements  made  in  the  scientific  literature; 

Little  research  work  has  been  done  to  quantify  the  error 
introduced  by  each  algorithm  or  suggest  when  to  use  one 


technique  over  another.  [Logan  and  Srahler,  1979]. 

Although  it  is  well  recognized  that  different  resampling 
algorithms  have  different  effects  on  digital  values  of  the 
output  images,  little  work  has  been  done  to  assess  the 
implications  of  this  on  classifier  effectiveness.  [Belward 
and  Taylor,  1986]. 

Although  much  research  has  been  performed  on 
resampling  techniques,  it  is  evident  that  the  general  effect 
of  resampling  prior  to  classification  on  map  accuracy  are 
[sic]  not  known.  Few  other  disciplines  allow  one  to 
manipulate  data  values  to  analysis,  without  at  least 
knowing  the  consequences  of  these  manipulations  upon 
the  results.  [Smith  and  Kovalick,  1985]. 

The  research  repotted  in  this  paper  is  an  attempt  to  shed  some  light 

on  this  problem,  through  experimentation  with  images. 


EXPERIMENT  AND  RESULTS 
Training  Area  Selection 

A  Landsat  TM  subscene  of  172  lines  by  313  pixels  was  selected 
for  this  study.  It  contained  different  land  cover  types  including 
agricultural  land,  urban  area,  forest,  and  water.  Two  training  sites 
were  selected,  one  representing  agricultural  fields  and  the  other 
water  bodies. 

The  image,  on  which  the  training  areas  were  identified  by 
polygons,  was  rotated  by  9®  and  35°' Each  of  the  rotated  images 
was  then  resampled  by  nearest  neighbour  (NN)  and  cubic 
convolution  (CC)  interpolation  without  changing  the  pixel  size. 
The  9®  rotation  corresponds  to  the  orbital  inclination  of  earth 
observation  satellites,  while  the  35®  represents  large  rotations 
which  could  occur  when  airborne  data  are  geographically 
registered. 

The  uaining  area  polygons  were  rotated  by  the  same  angles,  thus 
assuring  that  the  polygons  in  each  of  the  rotated  and  resampled 
images  represented  the  same  physical,  i.e.,  geo^aphical,  location 
as  in  the  original  image.  Spectral  signatures  were  then  generated 
for  the  two  classes  in  the  onginal  image  as  well  as  in  each  of  the 
four  resampled  images.  The  training  area  statistics  for  Band  5  are 
shown  in  Table  1. 

This  table  shows  that  resampling  affected  the  DNs  of  pixels 
within  the  same  physical  area  in  a  varying  degree,  depending  on 
the  resampling  technique  and  rotation  angle  employed.  While  the 
NN  caused  minimal  changes  in  the  mean  and  standard  deviation 
(SD),  CC  has  noticeably  shifted  the  mean  and  increased  the  SD. 
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Moreover,  the  size  of  the  rotation  angle  and  the  original  value  of 
the  SD  had  an  apparent  effect  on  tlie  dispersion  of  DNs. 

Next,  the  two  land  cover  types  were  separated  in  the  entire  test 
image  by  a  maximum  likelihood  classifier  (ML),  to  ascertain  the 
effect  of  resampling  on  image  classification. 

Classification 

The  usual  practice,  in  classification,  is  to  use  all  or  several  of  the 
bands  in  a  multispectral  data  set.  In  this  experiment,  however, 
only  a  single  band  was  used  since  the  objective  was  to  study  the 
changes  in  the  classification  results  rather  than  to  generate  accurate 
quantitative  information.  Band  5  was  selected  because  both  classes 
were  easily  distinguishable. 

The  two  factors  considered  in  the  implementation  of  the  ML 
classification  were: 

♦  the  scheduling  of  the  training  area  selection,  whether  it  has 
been  done  before  or  after  resampling,  and 

•  the  a  priori  probability  level  selected. 

Two  cases  of  classification  with  various  probability  levels  were 
used  to  test  the  above  factors.  In  the  first  case,  the  signatures  were 
generated  from  the  original  image,  whereas  in  the  second  case  the 
signatures  were  taken  from  the  resampled  image. 

Case  1)  Original  Signatures 

The  signatures  used  in  this  case  were  generated  from  the  original, 
unresampled  image.  These  signatures  were,  however,  used  for  the 
classification  of  the  original  image,  as  well  as  for  the  four  rotated 
and  resampled  images.  Probability  levels  of  65%,  80%  and  95% 
were  used.  The  classification  results,  shown  in  Table  2,  were 
represented  by  pixel  counts. 

With  few  exceptions,  no  significant  changes  existed  in  the 
classification  results  between  the  original  and  the  resampled 
images.  ML  classification  at  the  95%  probability  level  provided  the 
best  agreement.  The  largest  discrepancy  encountered  was  in  the 
order  of  7%.  It  appeared  therefore,  that  neither  the  resampling 
technique,  the  probability  level,  nor  the  rotation  angle  had  a 
significant  effect  on  classification  results,  in  terms  of  pixel  counu. 

This  table,  however,  provided  only  overall  pixel  counts  and  did 
not  indicate  any  trade  off  that  may  have  occurred  between  the  two 
classes  or  their  surroundings.  In  other  words,  it  was  not  known, 
whether  the  shape  and  size  of  individual  class  clusters  were  the 
same  in  the  original  and  in  the  resampled  images.  A  confusion 
matrix  was  therefore  generated  to  compare  the  pixel  counts  of  the 
classes,  in  the  NN  and  the  CC  resampled  images.  This 
comparison  was  only  performed  on  classes  generated  at  the  95% 
probability  level,  where  the  pixel  count  of  the  original  and  the 
resampled  image  classes  had  the  best  agreement.  The  confusion 
matrices  are  shown  in  Table  3. 

This  table  showed  a  significant  discrepancy  in  the  classification  of 
individual  pixels  of  the  NN  and  CC  resampled  im^  >.  The  level 
of  agreement  ranged  from  73%  to  79%.  At  9  rotation  for 
instance,  only  564  pixels  out  of  the  total  of  770  were  assigned  to 
Class  1  in  both  cases,  which  is  a  73%  agreement.  While  206 
pixels  were  included  in  the  NN  image  as  members  of  that  class, 
they  were  excluded  from  the  same  class  in  the  CC  image  and  were 
left  unclassified.  At  tiie  same  time,  196  pixels  of  the  CC  image  in 
Class  1  were  excluded  from  that  class  in  the  NN  resampled 
images.  Nevertheless,  the  total  pixel  count  for  Class  1  was  770 
and  760  in  the  NN  and  CC  resampled  images  respectively.  This 
was  an  excellent  agreement  for  providing  reliable  class  area 
estimation  within  a  certain  geographic  boundary.  Serious 
problems  would  arise,  however,  when  area  estimates  would  be 
required  for  individual  class  clusters,  such  as  the  area  of  specific 


water  bodies  or  farm  fields. 

Case  2)  Resampled  Signatures 

In  this  case,  the  signatures  were  generated  from  the  training  areas 
in  the  resampled  images,  called  hereinafter  'resampled'  signatures. 
The  training  statistics  were  shown  in  Table  1.  Each  signature  was 
used  in  classifying  the  same  image,  from  which  it  was  gene^ted. 
For  instance,  in  classifying  the  image  which  was  rotated  by  9  and 
resampled  by  CC,  a  mean  DN  of  151.25  and  SD  of  6.88  was 
used  for  Class  1,  and  a  mean  DN  of  7.47  and  SD  of  2.1 1  for 
Class  2  .  The  classification  results  were  listed  in  Table  4.  Upon 
examination  of  this  table,  the  following  observations  were  made: 

•  Good  agreement  existed  between  the  pixel  counts  for  the 
classification  of  the  original  image  and  the  one  resampled  by 
NN  if  the  rotation  angle  was  small.  Significant  discrepancies 
occurred,  however,  when  the  rotation  angle  was  large. 

•  Large  discrepancies  were  apparent  in  the  pixel  counts  if  the 
resampling  was  performed  by  CC,  regardless  of  the  size  of 
the  rotation  angle. 

•  There  was  some  evidence  that  the  discrepancies  became  larger 
with  an  increase  in  the  probability  level. 

•  A  comparison  of  Tables  2  and  4  indicated  that  the  results 
obtained  with  the  resampied  signatures  were  inferior  to  those 
generated  with  the  original  signatures. 

•  Ali  discrepancies  of  significant  magnitude  in  the  pixel  count  of 
the  resampled  versus  the  original  image  classification  were 
positive. 

The  latter  statement  was  underlined  by  the  confusion  matrix, 
which  compared  two  classifications  of  CC  resampled  imageries , 
i.e.,  one  with  original  signatures  and  the  other  with  resampled 
signatures,  (see  Table  5).  Tliis  table  showed  that  a  class  formed 
with  resampled  signatures  included  all  the  pixels  which  were 
classified  as  the  same  category,  usin^  original  signature. 
Additional  pixels  were,  however,  included  in  this  class,  when  the 
resampled  signature  were  used.  This  meant  that  signatures, 
generated  after  resampling  exaggerated  the  class  size. 

Finally,  classes  of  CC  resampled  images,  which  were  obtained 
using  resampled  signatures,  were  compared  with  classes  of  NN 
resampled  images,  using  original  signatures.  The  results  were 
listed  in  Table  6.  It  was  apparent,  that  the  percentage  of  pixels 
classified  the  same  in  both  cases,  has  been  dramatically  reduced. 

For  9  rotation,  the  pixel  count  of  the  CC  classification  has  matched 
the  NN  classification  at  the  74%  level  in  Class  1  and  at  79%  in 
Class  2,  when  original  signature  were  used,  as  showed  in  Table 
3a.  For  the  same  rotation  angle,  these  percentages  were  reduced  to 
65%  and  73%,  respectively,  when  resampled  signatures  were 
employed,  as  shown  in  Table  6a.  The  agreement  was  further 
reduced  with  an  increase  in  the  rotation  angles,  as  shown  in  Table 
6b. 


SUMMARY  AND  CONCLUSIONS 

Quantitative  analyses  have  been  performed  in  this  study,  to 
evaluate  the  effects  of  geometric  registration  and  subsequent 
resampling  on  the  spatial  and  radiometric  properties  of  digital 
images.  The  evaluation  has  involved  the  comparison  of  resampled 
versus  unresampled  images  and  NN  versus  CC  resampling. 

This  experiment  has  shown,  that  resampling  had  a  profound  eltect 
on  digital  images.  It  modified  the  internal  spatial  su^icture  and 
radiometric  content.  While  NN  resampling  did  not  introduce  new 
radiometric  values,  it  was  demonsffated,  that  CC  had  significantly 
ini.uenced  the  image  staustics,  which,  in  turn,  caused  substantial 
changes  in  the  outcome  of  subsequent  quantitative  analyses,  in 
comparison  with  the  results  obtained  with  original,  onresampled 
data.  It  is  important  to  note  the  following: 
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•  Changes  in  the  training  statistics  and  in  the  outcome  of  the 
classification  were  amplified  by  an  increase  of  the  rotation 
angle. 

•  The  net  effect  of  CC  resampling  was  an  increase  in  the  size  of 
classes  in  terms  of  pixel  count  and  an  alteration  in  the  boundary 
and  shape  of  individual  class  clusters. 

•  While  the  increase  in  the  magnitude  of  a  class  was  minimized 
by  performing  the  classification  with  signatures  derived  from 
the  original,  unresampled  data,  the  discrepancies  in  the  extent 
and  shape  of  individum  class  clusters  remained  significant. 

Although,  the  study  reported  here  has  been  performed  on  a  rather 
small  data  sea,  it  has,  nevertheless,  confirmed  the  conclusions 
reached  by  others,  such  as  Verdin[1983]  and  Atkinson  [198S], 
that  resampling  should  be  treated  with  caution.  Further 
investigation,  with  large  data  sets  and  more  thematic  classes  is  in 
order  to  put  this  problem  to  rest. 


Class 

1  ;  Field 

Class  2  :  Water 
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Mean  DN 

S.D. 

o“ 
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151.40 

5.33 

219 

8.10 

1.47 

1 

165 

151.35 

5.35 

220 
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1.47 

1 

165 

151.25 

6.88 
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7.47 

2.11 

I 

EH 

164 

151  50 

5.53 
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8.20 

1.53 

164 

150.76 

8.02 

217 

7.35 

1.93 

o=  Rotation  angle,  P.C.  =  Pixel  count,  SD  =  Standard  deviation 

Table  1 :  Training  statistics  of  the  same  image,  before  and  after 
resampling. 
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Table  2:  Pixel  counts  of  ML  classif.eation  with  original 
(unresampled)  signatures,  at  three  probability  levels. 
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Table  3:  Confusion  matrix  comparing  ML  classificauons 
of  NN  and  CC  resampled  images,  at  95%  probability, 
with  original  signatures. 
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Table  4:  Pixel  counts  of  ML  classincation  with  resampled 
signatures,  at  three  probability  levels. 
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Table  5:  Confusion  matrices  comparing  CC  resampled  images, 
classified  with  original  and  resampled  signatures, 
at  95%  probability. 
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Table  6  Confusion  matrices,  comparing  NN  and  CC 
resampled  images,  classified  withoriginal  and  resampled 
signatures  at  95%  probability. 
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ABSTRACT 

Both  Magellan  SAR  data  acquisition  and  image  pro¬ 
cessing  require  the  knowledge  of  both  the  ephemeris  (spacecraft 
position  and  velocity)  and  the  radar  pointing  direction.  Error 
in  the  knowledge  of  the  radar  pointing  direction  results  in  a  loss 
of  the  signal-to-noise  ratio  in  the  image  product.  An  error  in 
the  ephemeris  data  has  a  similar  effect.  To  facilitate  SNR  per¬ 
formance  analysis,  the  effect  of  the  ephemeris  error  will  be  char¬ 
acterized  by  the  effective  pointing  errors  dcficed  herein.  This 
paper  describes  a  systematic  approach  to  relate  the  ephemeris 
error  to  the  effective  pointing  errors.  Result  of  this  analysis  has 
leaded  to  a  formal  accuracy  requirement  levied  on  the  Magellan 
Navigation  system. 

Keywords;  Ephemeris,  Radar  borcsight.  Range,  Doppler,  Ef¬ 
fective  Pointing  Angle,  and  Orbit  covariance  Matrix 

1.  INTRODUCTION 

In  a  spaceborne  remote  sensing  system,  system  perfor¬ 
mance  often  tied  to  the  accuracy  of  the  ephemeris  data.  This 
is  especially  true  for  ?  Synthetic  Aperture  Radar  (SAR)  system 
such  as  Magellan  (Venus  Radar  Mapper  (1,2]),  in  which  the  im¬ 
age  resolution,  signal-to-noise  ratio  (SNR),  and  pixel  location 
accuracy  can  be  greatly  affected  by  the  ephemeris  errors.  An 
analysis  to  characterize  this  effect  is  very  important  to  the  plan¬ 
ning  phase  of  a  space  mission  in  order  to  levy  proper  require¬ 
ments  on  the  navigation  system  and  to  provide  user  community 
a  set  of  highly  confident  image  performance  estimates. 

During  SAR  mapping,  a  window  with  a  proper  delay  is 
employed  to  acquire  echo  from  ground  points  illuminated  by  a 
relatively  narrow  SAR  antenna  beam.  An  estimate  for  this  delay 
is  made  based  upon  the  knowledge  of  the  spacecraft  position, 
radar  boresig'it  pointing  direction,  and  a  planet  surface  model. 
An  error  in  the  pointing  knowledge  leads  to  an  error  in  the 
delay  estimate.  Consequently,  it  results  in  a  loss  of  the  SNR  in 


the  acquired  echo.  Similarly,  this  is  true  in  the  presence  of  a 
spacecraft  position  error.  For  analysis  purpose,  it  is  convenient 
to  treat  the  ephemeris  error  similar  to  the  pointing  error  by 
introducing  a  term  called  effective  range  pointing  error. 

In  SAR  signal  processing  (reference  3),  maximal  az¬ 
imuth  signal-to-ambiguity  ratio  (ASAR)  can  te  obtained  when 
the  processing  bandwidth  is  ccntcicd  at  the  Doppler  frequency  of 
the  intercept  point  of  the  boresight  line  and  the  planet  surface. 
This  point  is  also  referred  to  as  the  boresight  intercept  point 
(DIP).  The  error  in  the  Doppler  frequency  of  the  BIP  can  be 
caused  by  the  error  in  the  borcsight  pointing  error  as  well  as  the 
ephemeris  error.  For  analysis  purpose,  it  is  convenient  to  treat 
the  ephemeris  error  similar  to  the  pointing  error  by  introducing 
a  term  called  effective  azimuth  pointing  error. 

In  the  following  sections,  the  effective  pointing  angles 
are  defined.  It  is  followed  by  the  analysis  to  derive  the  effective 
pointing  errors  caused  by  the  ephemeris.  The  performance  es¬ 
timate  for  the  effective  pointing  errors  for  the  Magellan  mission 
arc  then  presented. 

2.  Effective  Boresight  Intercept  Point 

In  Magellan  SAR  processing,  a  range- Doppler  image  is 
formed  through  range  and  azimuth  compressions.  A  framelet 
is  then  formed  by  truncating  the  range-DoppIcr  image  to  elimi 
nate  pixels  outside  of  the  processing  bandwidth  and  valid  range 
swath.  To  get  the  maximal  SNR  foi  the  framelet,  the  position  of 
the  center  pixel  must  be  in  the  center  of  the  antenna  beam.  To 
achieve  that  purpose,  the  range  and  Doppler  estimates  for  the 
boresight  intercept  point  are  made  and  selected  as  the  center 
reference  for  the  framelet. 

In  the  presence  of  ephemeris  error,  the  location  of  the 
center  pixel  of  the  framelet  will  not  be  in  the  center  of  the  antena 
beam.  Instead,  it  will  be  at  the  effective  BIP  which  is  determined 
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from  tlic  true  sciiiior  postilion  and  velocity'  and  the  range  and 
Doppler  csliinatcit.  This  is  shown  in  Figuic  1.  Also  illustrated 
in  Figure  1  is  that  the  estimated  DIP  is  determined  from  the 
estimated  sensor  position  and  the  pointing  knowledge  (whiJi 
will  be  assumed  to  be  coirecl  since  we  will  concentrate  on  the 
ephemcris  error  onlj).  From  the  position  and  velocity  of  both 
the  sensor  and  the  estimated  DIP,  the  DIP  range  and  Doppler 
estimates  can  be  made.  Then,  the  position  of  the  effective  DIP 
IS  determined  bj  the  giound  point  satisfying  lange  and  Doppler 
constraint. 

In  this  paper,  we  assume  the  ephemeiis  estimates  used 
in  SAR  data  accpiisition  and  In  S.\R  image  processing  are  the 
same.  Therefore,  the  delaj  estimate  foi  setting  range  window 
and  the  range  estimate  for  fiamelet  truncation  arc  no  dllfercnt. 

3.  Effective  Radar  Pointing  Error 

A  spacebornc  SAR,  having  the  viewing  geometry  show  » 
in  Figure  2,  consists  of  a  curved  sensor  [lath  and  a  target  sur¬ 
face.  A  convenient  coordinate  system  for  this  geometry  is  the 
local  coordinate  system  with  a  radial  direction  r  from  the  planet 
center  to  the  sensor,  a  cross-track  direction  c  given  by  the  an¬ 
gular  velocity  of  the  sensor  orbit,  and  an  along-track  direction 
a  given  by  a  =  c  x  r.  The  origin  of  the  local  coordinate  system 
is  the  planet  center.  On  the  surface  of  either  side  to  the  track, 
each  point  is  associated  with  a  unic|uc  pail  of  range  and  Doppler 
values.  Therefore,  range  and  Doppler  form  a  coordinate  system 
for  the  surface  points. 

The  SNR  associated  with  the  effective  DIP  is  deter¬ 
mined  by  the  angle  between  the  effective  DIP  and  the  true  DIP. 
To  lead  to  the  following  analysis,  two  angles  of  a  ground  target 
are  defined  here.  The  first  is  the  range  angle,  which  is  the  angle 
contained  by  the  target,  the  sensor  position,  and  the  planet  cen¬ 
ter.  The  second  is  the  azimuth  angle,  which  is  the  angle  between 
the  line  of  a  target  and  the  sensor  and  the  projection  of  this  line 
on  the  boresight  plane  which  contains  r  and  c.  According  to  this 
definition  the  nominal  range  angle  of  the  true  DIP  is  the  radar 
look  angle  and  the  nominal  azimuth  angle  of  the  true  DIP  is 
0.  The  range  and  azimuth  angle  of  the  effective  DIP  will  be  re¬ 
ferred  to  as  the  effective  range  and  azimuth  angle,  respectively. 
A  pictorial  definition  of  these  angles  is  also  shown  in  Figure  2. 
The  effective  pointing  errors  take  the  meaning  of  the  differences 
in  range  and  azimuth  angle  between  the  effective  DIP  and  the 
true  DIP. 


The  second  stage  gues  the  effect  of  the  ephciiieris  errors  in  the 
loc<d  cooidinatcs  on  the  euoi  of  the  DIP  range  and  Doppler  cs 
tmiates.  The  thud  is  the  effect  of  the  ciioi  of  the  DIP  lange  and 
Dopplei  estimates  on  the  cffectiye  range  and  azimuth  pointing 
error.  The  aindysis  stages  jiresented  below  will  be  in  a  reversed 
order  since  most  of  the  reader  are  more  interested  in  the  radar 
system  rather  than  the  orbital  system. 


4.  Effective  Pointings  vs  Range  and  Doppler 

To  characterize  the  effect  of  errors  in  the  range  and 
Doppler  estimates  on  the  effective  pointing  errors,  their  par¬ 
tial  derivatives  need  to  be  analyzed.  Since  the  magnitude  of  the 
range  and  Doppler  erroi  is  expected  to  be  <(uite  low,  these  par¬ 
tial  derivatives  shall  be  limited  to  the  fust  order.  This  is  also 
true  for  the  following  two  stages.  To  formulate  the  partials,  the 
nominal  range  and  Doppler  are  required.  As  shown  in  Figure  3, 
the  range  of  the  true  DIP  fiom  the  sensor  may  be  expressed  by 

R=\(h-sJb''--\(ir--2IlR,))  (1) 

where  b  is  given  by 


6  =  2(//  +  R.,)cos0i.  (2) 


The  look  angle  Oi  is  given  by  cos~'(-f  •  p),  where  p  is  the 
boresight  pointing  vector.  The  incidence  angle  may  be  expressed 
by 


0,  =  0i  +  tan“'( 


RsinOi 


II  +  Rv-  RcosOi 


)■ 


(3) 


The  Doppler  ficviucncy  of  the  DIP  is  given  by 


h  = 


2uT  ■  P 
A 


(4) 


where  v,  is  the  spacecraft  velocity. 


Denote  »•  as  the  range  estimate.  The  range  pointing  er¬ 
ror  AOi  associated  with  an  error  Ar  in  the  range  estimate  can 
be  solved  from  Figure  4.  This  leads  to  the  partial  deiivative 
given  below.  Denote  Or  and  Oa  as  the  effective  range  and  az¬ 
imuth  angles,  respectively.  The  range  and  Doppler  estimates 
arc  denoted  as  r  and  /,  respectively. 


dOr  _  1 

dr  R  tan  0, 


r.'tt 

\  *  / 


A  systematic  approach  to  analyze  the  effective  pointing 
error  will  be  given  below.  The  analysis  contains  three  stages. 
The  first  stage  gives  the  effect  of  the  error  of  the  ephemeris  in 
Keplerians  on  the  error  of  the  ephemeris  in  the  local  coordinates. 


As  long  as  there  is  no  error  in  the  range  estimate,  the 
effective  range  angle  is  equal  to  the  true  range  angle.  Therefore, 


dOr 

Of 


=  0  . 


(C) 
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In  the  presence  of  an  azimuth  pointing  error  of  AOa,  tlic 
pointing  vector  can  be  expressed  by  p  +  Adofi.  Using  Equation 
(2),  it  can  be  seen  that  the  Doppler  change  would  be  2uaA0(,/A, 
where  A  is  the  wavelength.  This  leads  to 

^  =  i-  .  (7) 

Of  2«<. 

A  pointing  direction  change  confined  in  the  borcsight 
plane  (which  contains  r  and  c)  would  change  the  range  between 
the  DIP  and  the  spacecraft.  It  would  also  change  the  Doppler 
frequency  if  the  radial  component  of  the  spacecraft  velocity  ex¬ 
ists.  On  the  other  hand,  an  error  in  the  range  estimate  in  ac¬ 
company  with  correct  Doppler  estimate  would  force  the  effective 
DIP  out  of  the  borcsight  plane,  fii  such  a  case,  a  range  estimate 
error  may  affect  the  effective  azimuth  angle.  It  can  be  shown 
that  the  ratio  of  the  Doppler  change  and  range  change  in  the 
borcsight  plane  is  given  by 

^  _  2vr  sin  Ol  .  , 

dr  XRUnOi  ‘  ^  ^ 

Using  this  result  and  Equation  (7),  we  have 
OOg  _  ~Vr  sindt 

dr  Va  11  tan  Oi  '  ^ 

5.  Range-Doppler  vs  Local  Spacecraft  Status 

This  section  gives  the  partials  of  the  range  and  Doppler 
estimates  with  respect  to  the  error  in  each  component  of  the 
spacecraft  position  and  velocity  vectors.  The  coordinates  used 
here  is  based  on  a  local  coordinate  system  in  which  the  radial, 
along-track,  and  cross  track  directions  are  determined  by  the 
true  spacecraft  position  and  velocity  vectors.  The  sensor  posi 
tion  and  velocity  vectors  in  the  local  coordinate  are  denoted  eis 
Xi  and  vl,  respectively.  Let  xi  =  [x,,Xa,Xc]'^  (T  denotes  vector 
transpose)  and  v~i  =  (unVaiVcl^- 

As  shown  in  Figure  5,  with  the  correct  pointing  knowl¬ 
edge,  an  error  Air  in  the  spacecraft  radial  position  would  cause 
an  error  in  the  range  estimate  of  Ar.  From  the  geometry,  the 
following  result  can  be  obtained 


shown  to  be 


r  _  2(vr  COS  Ol  +  Ucsindi) 

“  A 


dr  Ar 

■T —  =  hm  - — 

dXr  Air— 0  Air 


tandi  sin(di  —  Oi) 


This  leads  directly  to  the  following  results 

df  _  -2  cos  0 1 

dvr  A 


f  =  (M) 

d”c  A  '  ' 

Since  the  spacecraft  velocity  estimate  has  no  effect  on 
the  BIP  range  estimate,  we  can  sec  that 

dr  dr  dr  „ 

=  T-  =  0  .  (15) 

dvr  dva  dvc 

Since  the  DIP  Doppler  estimate  is  based  only  on  the 
spacecraft  velocity  estimate  and  the  pointing  knowledge,  error 
in  the  the  spacecraft  position  estimate  will  not  affect  on  the 
estimate.  This  leads  to  the  following  result. 

(16) 

Oxf  Oxq  Ox^ 

The  pointing  vector  has  no  along-track  component.  This 
leads  to  dfjdva  =  0.  It  is  not  difficult  to  sec  that  a  slight  change 
in  the  along-track  position  docs  not  change  the  DIP  range  esti¬ 
mate.  Therefore,  drjdxa  =  0. 

6.  Local  Spacecraft  Status  vs  Kcplerians 

An  elliptical  mbit  can  be  represented  by  six  parameters 
leferred  to  as  the  Kcplerians.  The  first  three  parameters  are 
the  semi-major  axis  length,  a,  the  eecentiiclty,  e,  and  the  true 
anomaly  angle  T.  The  true  anomaly  angle  is  the  angle  contains 
the  object  in  the  orbit,  the  orbit  local  point  located  at  the  the 
planet  mass  center,  and  the  periapsis  (the  apex  near  the  planet). 
Obviously,  the  true  anomaly  angle  is  a  function  of  time.  T  can 
be  determined  by  a,  c,  and  the  time  delay  from  the  time  of  pe¬ 
riapsis,  :  e.  t  —  <p.  This  is  through  the  following  two  equations. 

7’  =  2tan-*(f^)*/-tan(E/2))  (17) 

'  1  —  e 


Similarly,  fiom  the  geometry  in  Figure  6,  the  following 
icsult  can  be  obtained 

dr  ^  sin(di  -  Ol) 

flic  cos  Oi  '  ’ 

Based  on  Equation  (2),  tlie  Doppler  estimate  can  be 


(f  -  <p)a"'’'-(GbV/,,)''-  =  K  -  c  siii(A)  (IS) 

where  E  is  the  mean  anomaly  angle  which  is  the  angle  con¬ 
tains  the  object,  the  orbit  center,  and  the  periapsis.  G  is  the 

gra\  itational  constant  and  Mv  is  the  mass  of  Venus.  The  po¬ 
sition  and  velocity  in  local  coordinates  can  be  determined  by 
a,e,T,  and  the  spaccciaft  speed  at  the  periap'is,  tip. 
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<i(l  -  e^) 

1  +  ecos(7’)’ 


;  =  0,  Jo  =  0  (19) 


esin(r)  l  +  ccos(J’)  „ 

Vt  =  Vp-ri - >  •'a  =  "p — ri - )  =  0  (20) 

I  +  C  1  +  c 


where 


(21) 


One  often  used  coordinate  system  is  the  orbital  coordi¬ 
nate  system,  in  whicli,  the  origin  is  one  focal  point  of  the  ellipse, 
one  axis  points  to  the  periapsis,  one  axis  is  in  the  direction  of 
the  angular  velocity  of  the  orbit,  and  the  other  axis  fulfils  the 
right  hand  rule. 

The  other  three  parameters  in  the  Keplerians  represent 
the  orientation  of  the  orbit  with  respect  to  an  inertial  coordinate 
system.  In  Magellan  mission,  this  system  is  the  Venus-Mcan- 
Equatorial  S5  (VMES5)  coordinate  system,  whicli  is  based  on 
the  earth  polar  axis  and  the  intersection  of  the  mean  planet 
equator  with  the  mean  earth  equator  at  year  2000.  The  three 
orientation  parameters  are  the  inclination,  7,  the  argument  of 
periapsis  to,  and  the  longitude  node  ft.  The  geometry  of  the 
inertial  coordinate  system  and  the  orbit  is  shown  in  Figure  7. 


The  status  of  the  spacecraft  in  the  local  coordinate  sys¬ 
tem  Xt,  and  in  the  VME85  coordinate  system  Xy  are  related 
by 


Xv  =  niWTXL 

where 


{  x.\  wx  N 

<  Xj  V,  \ 

Xv  = 

ly  Uy  ,  Xl  = 

Xi  Va 

{,xz  vz  ) 

\Xc  Uc/ 

(22) 


(23) 
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To  derive  the  partial  derivative  of  the  ephemcris  in  the 
local  coordinates  with  respect  to  the  Keplerians,  we  must  realize 
that  a  fixed  local  coordinate  must  be  used.  This  is  because 
that  the  local  coordinate  system  changes  when  any  one  of  the 
Keplerians  changes.  Lets  define  T,  W,I,  and  ft  be  the  rotation 
matrices  corresponding  to  the  true  Keplerians,  and  T',W',I', 
and  ft'  be  the  rotation  matrix  corresponding  to  the  estimated 
Keplerians.  The  estimated  spaco  aft  status  X'^  in  the  local 


coordinate  defined  by  the  true  Keplerians  can  be  determined 
from  the  estimated  spacecraft  status  X'y  in  the  local  coordinate 
defined  by  the  estimated  Keplerians  through 

X'l  =T-*W-*I-'ft-'ft'TW'T'X'L,  .  (26) 


The  partials  of  the  si>acocraft  status  elements  with  re¬ 
spect  to  the  in-orbit  Keplerians  a,e,  and,  tp  are  given  by  the 
following  equation 


3X'i, 

dp 


(27) 


where  p  denotes  a,e,  or.  Ip.  The  partials  of  the  spacecraft 
status  elements  w.  r.  t.  the  out-of-plane  orbit  Keplerians  ft,  7,  w 
are  given  by  the  following  equation 


OK 

on 

_  T->w-‘I-*ft-'^TW'T'XL„ 

(28) 

OK 

01 

=  T-*W->I-'ft-’ft'|jW'T'X'L„ 

(29) 

OX'r 

du> 

0<j) 

(30) 

The  result  of  the  partial  derivatives  can  be  found  in  (4). 

7.  Pointing  Error  vs  Ephemeris  Error 

The  partial  derivatives  of  all  three  stages  in  the  analysis 
of  the  effective  pointing  error  caused  by  the  ephemcris  error  in 
Keplerians  have  been  given  in  the  previous  sections.  Now,  it  is 
ready  to  formulate  the  pointing  error  estimate.  The  error  of  the 
Keplerians  can  be  represented  by  its  covariance  matrix  A. 
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where  Op  stands  for  the  standard  deviation  of  parameter  p  and 
Pp,p^  stands  for  the  covariance  of  parameter  pi  and  p2  since 
correlation  between  two  parameters  may  generally  exist. 

Let  the  covariance  matrix  of  the  pointing  error  be  rep- 
'■esented  by  A,  it  is  then  given  by 

^  ^  PmA  ^  ABCAC^T’a''' .  (32) 

\PSa0r  / 


628 


where  T  denotes  matrix  transpose  and  matrices  A,  B,  and  C 
arc  defined  by 


In  rase  that  botli  the  eplicmeris  and  its  covariance  ma¬ 
trix  arc  given  in  the  local  coordinate,  then  matrix  C  is  not 
needed  in  evaluating  the  pointing  covariance  matrix  A.  Note 
tliat  in  estimating  the  variance  of  the  elTective  pointing  error, 
the  olf-diagonal  terms  in  A  cannot  be  ignored.  Otherwise,  the 
magnitude  of  tlic  pointing  error  estimate  tends  to  bo  worse.  This 
can  easily  bo  seen  wlien  the  cpliomeris  covariance  matrix  is  given 
in  the  local  coordinate  system.  For  example,  an  error  in  one  of 
the  orbit  orientation  angles  would  cause  error  in  all  six  spacc- 
ciaft  status  components  in  the  local  coordinates.  If  we  ignore  the 
covariance  between  these  components,  we  would  get  a  nonzero 
effective  pointing  error  estimate.  However  the  fact  is  that  since 
there  is  no  change  in  the  in-orbit  Keplcrians,  the  geometry  re¬ 
mains  unchanged.  Therefore,  the  range  and  Doppler  estimates 
should  be  correct.  This  results  in  no  error  in  the  effective  point¬ 
ing  angles. 

8.  Magellan  Pointing  Error  Estimate 

The  aiial>sis  results  obtained  in  this  paper  arc  applied 
to  the  Magellan  mission.  The  formulas  of  all  partial  derivatives 
were  implemented  in  a  computei  piogram.  Based  on  the  nom¬ 


inal  Keplcrian  values  listed  below,  an  assumed  planet  ladius, 
the  mass  of  Venus,  and  a  predetermined  set  of  boicsight  point¬ 
ing  diiections,  the  numerical  values  of  partial  derivatives  can  be 
ev.uuatcd  for  any  selected  true  anomaly  angle.  A  set  of  co- 
vai  lance  matrices,  characterizing  the  orbital  estimation  accuracy 
over  a  number  of  mission  days,  were  supplied  by  the  JPL  Magel¬ 
lan  navigation  group.  By  integrating  these  two  inputs  according 
to  Equation  (35),  the  performance  of  the  effective  pointing  an¬ 
gles  were  determined.  Since  significant  correlation  does  exist 
among  various  pairs  of  the  Keplerian  parameters,  this  method 
has  proven  to  be  much  more  accurate  than  the  method  not  con¬ 
sidering  the  correlations  between  Keplerian  parameters. 

Nominal  Magellan  Keplcrian  Values  are  the  following: 
c=10190.300532G  km  ,  e=0.381C669116067, 

/=  8C®,  n=6S.9°,  and  w=170° 

The  semi-major  axis  length  a  and  the  eccentricity  e  are 
obtained  based  on  the  design  of  a  3.15  hour  orbit  period  and  a 
periapsis  altitude  of  250  km. 
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Abstract. 

A  multistage  algorithm  which  makes  use  of  spatial  con¬ 
textual  information  in  a  hieraichic.al  clustering  procedure  has 
been  developed  for  iiiiMipervised  imago  segmentation.  A 
Maikov  random  field  nioilel  is  employed  to  enforce  local  spa¬ 
tial  smoothness,  wliilc  the  ma.Mmum  ciitiopy  principle  is  uti¬ 
lized  to  rpianlify  gloh.d  .smootlmcss  in  the  image.  A  multi¬ 
window  approach  implemciilcd  in  a  pyramid-like  data  struc¬ 
ture  which  uses  a  so-called  boundary  blocking  operation  is 
utilized  to  incicase  computational  efficiency.  Schwarz  infor¬ 
mation  criterion  is  suggested  as  a  means  of  selecting  the  level 
in  the  clustering  hierarchy  which  coriesponds  to  the  optimal 
state.  A  Bayesian-based  blurring  corrector  has  been  devel¬ 
oped  to  iteratively  recover  images  fiom  blurred  versions  of 
actual  pixel  values. 

Keyword):  unsupervised  image  segmentation;  hierarchical 
clustering;  Bayesian  estimation;  Markov  random  field;  maxi¬ 
mum  entropy  principle;  pyramid  structure. 

1.  Introduction 

A  variety  of  tcchnic|ucs  for  image  segmentation  have  been 
developed  for  many  scientific  applications  including  remote 
sensing.  The  most  accur.itc  segmentation  approaches  utilize 
the  maximum  likelihood  or  the  Bayesian  performance  func¬ 
tion  which  both  ic(|uiie  a  pnort  knowledge  for  parameterized 
models  of  classes  in  images.  'I’he  Bayesian  method  presented 
in  this  paper  is  based  on  iinsnpervised  learning  of  the  values 
of  parameters  which  iniist  be  known  in  order  to  carry  out  the 
segmentation. 

Hierarchical  clustering  (Anderberg,  197.3)  is  the  most 
plausible  and  well-grounded  tool  for  the  analysis  of  signature- 
dependent  noise  models  as  well  as  for  unsupervised  analy¬ 
sis.  The  conventional  “distiibutioii-frcc”  or  “context-free” 
similarity  nicasiiics  between  legions  in  typical  clustering  ap- 
pioaches  fail  to  include  important  information  about  image 
spatial  structures  that  should  be  exploited  when  the  scene  is 
segmented.  The  original  radiated  intensity  of  a  pixel  is  a  ran¬ 
dom  variable  whose  iiie.isuiemciil  is  contaminated  by  energy 
radiated  fiori  nearby  pixels.  Ihis  results  in  spatial  blurring 
which  causes  the  whole  obseivatloii  process  to  be  spatially  au- 
tocorrelated.  For  most  .scenes,  pixels  that  arc  spatially  close 
tend  to  have  the  same  oi  siiiiiiai  intensities.  Because  of  this 
spatial  smoolliiicss,  coiilexlual  iiiformatioii  can  be  used  to 
advantage  in  allocating  pixels  to  a  class.  Most  of  statisti¬ 
cal  image  scgiiieiitatioii  methods  which  incorporate  this  idea 


use  Markov  random  fields,  ecpiivalently  Gibb)  random  fields 
(GRF)  (Derin  and  Elliott,  1987)  to  characterize  geophysi¬ 
cal  connectedness.  While  the  GRF  represents  local  charac¬ 
teristics  of  the  image  structure,  entropy  (Jaynes,  19G8)  can 
be  interpreted  as  an  alternative  measure  which  embodies  the 
spatial  smoothness  in  a  global  sense.  Both  aic  incorporated 
in  a  new  multistage  algoiitliiu  which  has  been  developed. 

Analysis  of  nuiltispcctral  image  data  from  a  large  area  is 
computationally  intensive  with  a  hierarchical  clustering  ap¬ 
proach.  A  suboptimal  algorithm  has  been  developed  to  in¬ 
crease  the  computational  efficiency  of  the  legional-clustcring 
segmentor.  It  uses  a  pyramid-like  structmc  in  a  way  that 
exploits  regional  contiguity  in  merging  clusters.  A  process 
called  bounditry  blocking  is  applied  to  individual  nonoverlap¬ 
ping  windows  of  a  large  image  which  are  successive  subdivi¬ 
sions  in  the  hierarchical  representation  of  the  image. 

Conventional  ni>pronches  for  determining  the  number  of 
classes  in  an  image  use  the  likelihood  ratio  and  “Akaike’s  in¬ 
formation”  (.Scolve,  1983).  These  approaches  are  insensitive 
to  image  size  and  fail  to  find  parsimonious  models.  Alter¬ 
natively,  Schwarz  information  criterion  (SIC)  is  suggested  as 
a  reasonable  means  for  determining  the  optimal  state.  The 
components  of  the  algorithm  arc  outlined  in  the  following 
sections.  The  results  of  the  classification  are  reported  for  a 
simulated  process. 

2.  Algorithm  Outline. 

The  components  of  the  algorithm  arc  outlined  in  Figure 
1.  The  first  component  is  called  the  regional-clustering  seg¬ 
mentor.  It  aj>plics  hierarchical  clustering  using  the  maximum 
a  posteriori  (MAP)  criterion  with  a  restriction  that  pixels  in 
a  cluster  should  be  contiguous.  The  global-clustering  seg¬ 
mentor  in  the  next  stage  merges  clusters  according  to  the 
maximum  entropy  princi|>le  (Fricdcn,  1972)  among  all  pos¬ 
sible  combinations.  Both  segmentors  contain  a  smoothing- 
parameter  estimator  and  Bayesian-based  blurring  corrector. 
The  coefficients,  which  represent  the  optimal  strength  of  prior 
beiiefs  with  respect  to  the  iiifuiuiation  provided  by  the  real¬ 
ization,  are  estimated  based  on  an  initial  configuration.  The 
Bayesian-based  blurring  coi rector  is  designed  to  iteratively 
enhance  the  obseivud  image  using  adajitive  estimates  of  the 
parameters.  The  segmentor  system  then  partitions  the  image 
on  the  basis  of  these  enhanced  intensities  rather  than  of  the 
observation. 
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3.  Digital  Image  Model. 

A  snmplc  image  is  considcicd  as  a  set  of  n  pixels,  where 
eacli  pixel  is  reprcseiiled  by  an  inlciislly  vector  of  d  spectral 
components.  The  image  process  is  assumed  to  be  of  the  form 
Y  =  B-X(w)+e  (1) 

where  u>  is  an  integer  valued  random  vector  .associated  with  a 
particular  configuration  of  classes  in  an  image,  X  is  a  mapping 
operator  of  w  into  real  intensity  values,  B  is  a  blurring  op¬ 
erator,  and  e  is  an  indopendent  noise  field.  In  modelling  the 
process  of  (1),  simplifying  .assumptions  are  used  to  provide 
numerous  advantages  in  mathematical  manipulations  while 
still  retaining  the  essence  of  the  physical  process  being  repre¬ 
sented:  (a)  the  original  intensity  is  independently  distributed 
according  to  a  composite  multivariate  Gaussian  which  is  iden¬ 
tical  within  a  legion  cl.ass,  (b)  the  original  distribution  of  ob¬ 
ject  radiated  intensity  is  acted  upon  by  a  homogeneous  linear 
system  to  produce  a  blurred  image  and  (c)  the  noise  process 
is  generated  by  dilTereiil  indepciideiit  and  identical  Gaussian 
field  in  each  spectral  band. 

Let  I„  =  {1, be  a  set  of  indices  of  pixels,  and 
let  4>n  =  be  a  set  of  indices  leprcsenting  the 

classes  whose  .associated  paitition  of  I„  is  G  =  6  Jm}- 

If  the  intensity  of  pixels  is  distributed  X,  ~  iV(/<j,Sj) 
for  i  e  Gj  €  G.  the  conditional  distribution  of  X,  given 
w  =  {ivj  ;  I  e  I„  and  w;  6  J,,.}, 

/(x|w)  =  «e.xp{-ii:,gj„Qx(G,)} 

QAGj)  =  E.-ec,  log  |S;I  +  (Xi  -  P,)'£7'(x.  -  Hj)  (2) 
where  k  is  a  normalizing  constant.  .Suppose  that  multispec- 
tral  images  arc  blurred  according  to  assumption  (b),  and  the 
boundaries  of  sample  images  are  defined  on  a  “periodic  ran¬ 
dom  field”.  The  blurring  opcr.ator  B  =  circulant  {B,,)  can 
then  be  expressed  .as  a  l)lock  circulant  and  stochastic  matrix 
whore  Z?„  =  diagon.al  =  l,...,d},  {b„k,j  = 

corresponds  to  the  point  spicad  function  of  the  ith  pixel  in 
the  L-th  spectral  band  .and  E7=i  ^  0  =  1,  Vr,fc.  If 
{e  ~  .V(0,  Et)}  wlicic  Ef  is  diagonal,  the  distribution  of  the 
observation  Y,  conditioned  on  X,  is  given  by 

/(y|x)  =  /cexp{-§  log  |E,|  -  EU  QyM] 

Qy.(x)  =  (y.  -  E;=.  (y.  -  Z:=i  (3) 

4.  Bayesian  Objective  Function 

The  image  process  is  supiiosed  to  combine  a  discrete  ran¬ 
dom  field  for  the  region  class  process  and  a  continuous  ran¬ 
dom  field  for  the  intensity  process  and  the  noise  process.  An 
approach  which  integrates  multiple  processes  by  Bayes’  the¬ 
orem  is  applied  to  estimate  the  classes  of  pixels  for  an  image. 
Given  the  observed  process  Y,  finding  the  mode  of  the  pos¬ 
terior  probability  distribution  {.M.AP)  of  u)  is  equivalent  to 
maximize  the  log  penalty  function 

ePN  =  log  P(Y|w)  -1-  log  P(w).  (4) 

The  second  term  is  known  as  “roughness  penalty"  or  smooth- 
in©  tcnri.  !rs  tho  rciJiaisidcr  of  this  section^  objccMv^ 
sures  are  discussed  for  determining  the  optimal  segmentation 
of  “multiple  compound  stochastic”  image  processes  based  on 
the  Bayesian  approach.  The  GllF  and  the  maximum  entropy 
principle  are  used  to  quantify  the  spatial  smoothness  proba¬ 
bilistically,  that  is,  to  provide  some  type  of  prior  information 
of  the  class  process. 

Let  R  =  {R,,i  €  Ih}  be  a  neighborhood  system  for  I„. 


For  a  probability  structure  of  u,  a  class  of  Gibbs  measures 
with  respect  to  {I„,  R}  has  been  introduced  with  energy  func¬ 
tion  U(u,ii):  if  I  •  1^  denotes  the  squ.are  of  each  element, 

P(£U)  =  Kooxp{-f7(w,/i)} 

U(u,n)=  Qf',.,,|/l(Wr)-/i(w,)|^  (5) 

tr.oeiv 

where  /i  is  a  vector  function  of  the  mean  intensity  vector  asso¬ 
ciated  with  the  class,  ttr.j  is  a  iionnogative  coefircient  vector, 
and  Ko  is  the  notmaliziiig  constant.  Cp  denotes  the  collection 
of  all  “pair  cliques”  relative  to  {!„,  R}  which  arc  subsets  of  !„ 
such  that  a  clique  involves  a  pair  of  indices,  and  two  pixels  cor¬ 
responding  to  the  indices  arc  neighbors.  In  the  energy  func¬ 
tion,  the  parameter  Ur,,  represents  the  “bonding  strength" 
of  the  rth  pixel  and  sth  pixel.  Using  this  Gibbs  measure 
as  a  probability  inorlel  of  w  in  (4),  the  spatial  smoothness 
is  incorpoi-ated  into  the  Bayesian  approach  by  penalizing  the 
objective  function  as  the  difference  in  spatial  proximity  of  the 
mean  intensity  incie.ises. 

Suppose  that  a  ine.rii  intensity  associated  with  a  class 
is  the  “average  radiant  energy”  of  a  unit  cell  in  the  corre¬ 
sponding  region,  resulting  from  the  random  radiation  of  the 
particles.  Under  this  model,  the  entropy  for  a  single  spectral 
band  can  be  defined  ns 

=  =  (6) 

.61., 

whore  Tp  =  Eiel,  /'('*'>)•  Given  a  particle  from  the  observed 
image  spate,  H  represents  the  uncertainty  as  to  which  pixel 
radiated  it.  Maximizing  H  has  a  smoothing  influence  on  the 
mean  intensity  level  of  the  image  (Orlando,  1987). 

If  particles  act  independently  in  different  spectral  bands, 
the  maxiiniz.ation  of  entropy  for  individual  bands  then  results 
in  an  independent  smoothing  influence  oir  the  corresponding 
spectral  intensity  levels  with  a  independent  manner.  Since 
these  multiple  objectives  potentially  result  in  conflicts,  the 
final  estimation  should  accommodate  trade-offs  between  ob¬ 
jectives.  Under  a  constraint  of  consistency  with  the  observed 
data,  a  maximum  entropy  approach  for  the  segmentation  is 
considered  as  a  constrained  optimization  problem  with  the 
multiobjective  function  f((j>)  =  a'^  where  a  is  a  nonnegative 
weighting  vector  and  ^  is  a  vector  which  contains  the  values 
of  ^’s  in  (6)  of  the  corresponding  spectral  band.  It  is  equiva¬ 
lent  to  the  MAP  cstini.atioii  with  P(Y|X)  a  exp{— Aq}  and 
P(uf)  oc  exp{— a'^},  where  Aq  is  a  measure  between  n  and 
the  observed  image. 

Assuming  that  Au  (Gibbs  measure  or  entropy)  contains 
proper  information  about  the  behavior  of  the  region  class  pro¬ 
cess,  the  MAP  estimation  can  bo  restated  as  an  optimization 
problem: 

mill  {Ag-biSAu,}.  (7) 

Using  .V  B.iyesiaii  inteipretatron  0  is  referred  as  a  smoothing 
parameter  which  rcpicsents  the  relative  strength  of  prior  be¬ 
liefs  compared  to  the  iiiforniatioii  in  the  observed  data.  The 
smoothing  parameter  then  indicates  the  desired  trade-off  be¬ 
tween  two  counter.active  objectives. 

5.  Hierarchical  Clustering. 

The  regional  scginciitor  is  designed  to  merge  adjacent  re- 
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gions  while  the  global  scgmenlor  classifies  tcgions  into  same 
class  legardless  of  their  gcograi)hicnl  positions.  The  hierar¬ 
chical  clustering  proceduie  is  applied  to  both  segmentors  us¬ 
ing  adaptive  parameteis  computed  Horn  the  updated  regional 
configurations  at  each  step. 

Let  G/i  =  {G'lJ  =  l,...,;n/,}  be  a  partition  at  the  /ith 
step,  and  let  the  corresponding  configmation  of  the  pixel- 
classes  bew/,.  IftoJI’’  is  the  configuration  resulting  from  merg¬ 
ing  the  rth  and  sth  legions,  then  the  similarity  coefficient  for 
Gr  and  G,  can  be  dciivcd  from  the  the  objective  function  of 

(7): 

=  (AQ(ykr)  -  Ao(y|a.,,)l  -h 

It  is  propoitional  to  the  conditional  posterior  probability 

P(ui,7’|G,\GJuG;,  Y). 

The  merge  decisions  with  this  criterion  yield  MAP  estimates 
among  possible  states  at  each  step  in  the  clustering  approach. 

It  is  desirable  that  the  similarity  coefficients  be  computed 
by  locally  updating  them  to  cotiespond  to  the  configuration 
resulting  from  eviuy  iteration.  This  lequiicment  is  very  nat¬ 
ural  for  6^  when  the  entiopy  measure  of  (C)  applies  to  A^. 
Using  the  Gibbs  measure  of  (5)  for  A^,  the  of  the  coeffi¬ 
cients  in  the  spatial  proximity  of  the  new  boundary  formed 
by  mciging  arc  updated.  However,  if  Aq  is  a  direct  distance 
measure  between  the  mean  intensity  and  observation  in  (1), 
the  local  updating  condition  is  not  satisfied  because  of  the 
spatial  component  of  the  whole  obseivation  process.  In  ordci 
to  overcome  this  problem,  the  Dayesian-based  blurring  correc¬ 
tor  produces  a  debluricd  image  x  which  is  assumed  to  have  no 
spatial  component.  If  x  is  an  appropriate  estimate  of  x,  the 
MAP  clustering  classifier  can  employ  similarity  coefficients 
based  on  x  rather  than  y.  With  the  Gaussian  assumption, 
Sq  is  simply 

«^(r, s)  =  U  Gi)  -  Qx(Gj)  -  Qx(Gj) 

The  parameters  iclated  to  the  lucige  can  be  estimated  by 
maximizing  the  likelihood  conditioned  The  di(r,s)  for 
the  legional  segnieiitoi  is  equivalent  to  the  energy  change  at 
the  boundaiics  and  for  the  global  segmentor  to  the  increase  in 
entiopy  poition  iclated  to  Gjl  and  Gj  associated  with  changes 
in  the  estimate  of  the  mean  intensity  lesulting  from  merging 
two  regions. 

In  image  segmentation,  the  configniation  w  should  be 
estimated  such  that  the  t uiiespoiidiiig  mean  intensity  fi  re¬ 
sults  in  fitting  to  the  obseived  data  to  some  degiee.  This 
requirement  can  be  satisfied  by  imposing  some  constraint  on 
the  distance  Aq  in  (7).  Then,  the  smoothing  parameter  can 
be  chosen  by  using  the  optimization  approach  (Lee,  1989). 

When  the  cluslci  anal) sis  is  used  with  parametric  mod¬ 
els,  the  choice  of  number  of  classes  is  usually  based  on  general¬ 
ized  likelihood  ratio  test  using  the  asymptotic  chi-squared  dis- 
irihiiiion  Riit.  if  n  lania  i-»ar«inionion«  nioila!  trno,  tile  dis¬ 
tribution  of  the  test  statistic  may  not,  oven  asymptotically,  be 
chi-squared.  Akaike’s  mfoimation  criterion  (Sclove,  1983)has 
also  been  usually  used  in  image  analysis.  This  statistic  has 
a  similar  pioblcm  to  the  chi  squaic  distribution  of  the  like¬ 
lihood  ratio  (Tittciiiigloii,  1981).  Schwarz  (1978)  suggested 
an  alternative  to  ,\knikc’s  aiipioach  foi  the  model  selection 
criterion; 


Figure  1.  The  multistage  clustering  image  segmentor. 


SIC  =  -21og(maximum  likelihood)  -k  logn 
where  nip  is  the  number  of  independent  parameters  estimated 
when  using  ni  classes  and  n  is  the  number  of  independent  ob¬ 
servations.  The  SIC  criterion  is  a  proper  approach  for  choos¬ 
ing  of  number  of  classes  in  images  because  they  usually  in¬ 
volve  la  data  sets  and  are  envisioned  to  have  a  relatively 
smaller  .  mber  of  classes  ns  they  become  large.  The  cluster¬ 
ing  approach  incorporates  this  criterion  for  the  threshold  to 
prevent  the  pathological  mciging  of  regions  which  are  unac¬ 
ceptably  dilfeient  in  coi responding  observations,  and  eventu¬ 
ally  for  the  decision  of  stopping  the  clustering. 

G.  MAP  Restoration. 

If  the  bluiring  is  govcincd  by  B  which  is  a  stochastic 
matrix,  and  the  distribution  of  the  original  intensity  is  a  com¬ 
posite  Gaussian,  the  conditional  distribution  is 

/(x|y)  oc  (y  -  Bx)T7*  (y  -  Bx)  +  (x  -  /j)'r~‘(x  -  m) 
where  Pj,  =  diagonal  {2^}  and  I'x  =  diagoiial{2,}  are  d  x  n 
covariance  matrices  corresponding  to  the  measurement  noise 
and  the  original  intensity.  Then,  the  MAP  estimate  of  X  is 
given  by: 

x=(I+'l'„B'B)-'('I’..By-k/r)  (11) 

where  =  I'lPf''  If  the  speclr.al  radius  of  is  sulficiently 
smcaller  than  1,(11)  can  be  appioximatcd  by  (Pullman,  1976): 

X  «  /I  +  'k„By  -  'k„B'B/r  -k  o('k„). 

This  would  be  a  good  estimate  of  the  original  intensity  for  im¬ 
ages  where  the  variation  of  the  intensity  representing  physical 
properties  of  region  classes  is  gcneially  much  smaller  than  the 
variance  of  the  noise  pioduccd  dining  collecting  and  transmit- 
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Figure  2.  Results  of  the  classification  for  a  two  dimensional  20  by  20  simulated  image  (  *  s  are  misclassified  pixels). 


ting  of  data  by  atmospheric  cITects. 

Based  on  this  appto.xiniation,  the  Bayesian-based  blur¬ 
ring  corrector  has  Ijcen  designed  for  the  clustering  classifier. 
Details  of  tlie  collector  u  ill  lie  described  in  a  forth  coming 
paper. 

7.  Multistage  Regional  Clustering. 

The  new  hicraichical  clustering  algoritlim  is  acclimated 
to  the  merges  restricted  to  contiguous  regions  and  the  similar¬ 
ity  coeflicients  satisfying  the  local  updating  condition.  While 
the  best  merge  is  sought  among  all  possibilities  in  the  conven¬ 
tional  approach,  the  now  approach  looks  for  the  closest  pair  in 
the  storage  vectors  of  a  given  dimension  s  which  contain  the 
information  about  pairs  coriesponding  to  the  s  largest  simi¬ 
larity  coefRcicnts.  This  infarniation  is  updated  at  each  itera¬ 
tion,  using  the  local  updating  lulc.  The  searching  efRciency 
relative  to  the  best  case  of  the  conventional  approach  is  ap¬ 
proximately  s/2mo(mo  + 1 )  where  mo  is  the  initial  number  of 
clusters.  Nevertheless,  the  algorithm’s  “expected  time  com¬ 
plexity”  is  cxponeiitially  pro|)ortional  to  the  initial  number 
of  clusters  due  to  updating  the  icgional  information  (for  ex¬ 
ample,  neighboring  clusters  and  boundary)  at  each  iteration. 
The  multistage  strategy  can  be  implemented  by  constructing 
a  pyiamid-like  hierarchy  system.  This  could  be  far  from  the 
optimal  solution  if  the  clusteiing  wcie  independently  applied 
to  the  nonoverlapping  windows  generated  from  the  hierar¬ 
chy  system.  To  ovcicome  this  pioblem,  a  boundary  blocking 
operation  has  been  developed  by  derining  “contagious  clus¬ 
ters”  in  the  “inner  boundary”  (boundary  between  windows 
as  shown  in  Piguic  1)  at  the  initial  iteration.  It  is  based 
on  the  idea  that  regions  located  in  diffeient  window  should 
be  combined  through  a  common  separating  boundary.  If  a 
cluster  “touches”  a  contagious  cluster  (that  is,  the  merge  of 
these  clusteis  is  considcicd  as  the  best  at  that  iteration),  it 
also  becomes  contagious,  and  the  operation  eliminates  the 
pairs  which  arc  both  contagious  fiom  a  set  of  pairs  feasible 
to  merge. 

8.  Examples  and  Conclusions. 

The  new  multistage  algoiithin  including  the  Bayesian- 
based  binning  corrector  has  been  tested  with  sitnulation  data 
and  agricultuial  .SPOT  ijiiagerj  of  the  fields  in  South  Texas. 
Figure  2  illustrates  examples  of  the  icsults  for  a  simple  sim¬ 
ulation  image  of  two  spectral  bands.  The  data  generated 
from  a  Markov  random  field  of  .1  classes  (the  original  pat¬ 
tern  is  shown  in  Figure  2-a)  were  blurred,  and  independent 


noise  was  added  to  the  blurred  version.  The  signal-noise  ra¬ 
tio  was  approximately  1.3  in  the  simulated  data.  First,  the 
data  were  classified  with  a  version  of  the  clustering  rlgorithm 
whose  similarity  measure  doesn’t  include  contextual  informa¬ 
tion.  Figure  2-b  shows  the  classified  image.  Figure  2-c  shows 
the  results  of  the  classification  using  a  similarity  coefficient 
incorporating  spatial  smoothing.  The  error  rates  are  11%  and 
7.5%  respectively. 

These  results  reinforce  the  importiince  of  the  utilization 
of  contextual  informatioir  in  image  segmentation.  The  blur¬ 
ring  corrector  provides  more  reliable  information  about  the 
intensity  process  which  in  turn  results  in  a  more  precise  clas¬ 
sification.  In  addition  to  making  the  hierarchical  clustering 
algorithm  useful  for  the  analysis  of  large  remotely  sensed  im¬ 
ages,  the  multistage  operation  often  leads  to  better  results 
than  those  of  the  single  stage  operation  because  unwhole- 
somely  large  clusters  are  prevented  from  growing  in  early  it¬ 
erations. 
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ABSTRACT 

When  applied  to  pixel  data,  panicularly  in  remote  sensing,  nonnal 
Schemes  for  probabilistic  relaxation  labelling  lead  to  an 
improvement  in  labelling  accurac>  with  iteration  followed  by  a 
degradation,  sometimes  leading  to  a  final  result  worse  than  that 
initially  A  simple  modification  of  the  relaxation  process  is 
described  that  allows  spatial  consistency  to  be  developed  while 
avoiding  labelling  degradation.  Based  upon  decreasing  the 
neighbourhood  influence  with  iteration  count,  it  permits  an 
assessment  a  priori  of  the  optimum  iteration  at  which  the  process 
should  be  terminated  Results  are  presented  based  on  modelled 
data,  and  Landsat  imagery,  that  demonstrate  the  value  of  the 
technique. 

KEYWORDS 

Classification,  Relaxationjabelling,  Neighbour,  weights. 

I.  INTRODUCriON 

Spatial  information  is  a  particularly  important  source  of  ancillary 
data  that  can  be  exploited  to  enhance  the  accuracy  of  multispectral 
classifications,  since  it  can  describe  how  compatible  the  labels 
assigned  to  pixels  in  a  given  neighbourhood  happen  to  be.  This 
has  particular  significance  in  regions  containing  cultural  or 
cultivated  features  in  which  the  spatial  properties  are  quite 
explicit. 

An  iterative  method  that  has  been  investigated  widely  for 
developing  spatial  consistency  in  a  spectrally  derived  thematic 
map  is  probabilistic  relaxation  labelling  [1,2J.  This  requires  each 
pixel  in  an  image  to  be  described  by  a  probability  vector  which 
indicates  the  relative  likelihoods  of  the  various  possible  labels 
being  the  correct  one  for  the  pixel.  Normally  this  vector  is 
determined  at  the  penultimate  stage  of  maximum  likelihood 
estimation,  just  prior  to  the  maximum  selection  step.  The  label 
probability  vector  for  each  pixel  is  then  updated  iteratively  in  the 
relaxation  process  by  incorporating  information  from  near 
neighbouring  pixels.  The  link  to  the  neighbours  is  via  a  set  of 
compatibility  coefficients,  that  describe  the  likely  mutual 
labellings  on  a  pair  of  pixels,  and  a  set  of  neighbour  weights  that 
express  the  relative  importances  of  the  neighbours.  The 
compatibility  coefficients  are  derived  either  from  a  known  .sp.iiial 
model  for  the  region  in  question  or  are  estimated  from  training 
data. 

Labelling  accuracy  in  a  relaxation  process  has  been  observed  to 
improve  during  early  iterations  and  then  degrade  [3],  sometimes 
leading  to  a  i^rer  result  than  the  initial  labelling  if  the  iterations 
are  not  terminated  Unfortunately,  in  a  practical  exercise,  the 
point  of  termination  is  not  known  Consideration  niu.st  be  given 


therefore  to  conuotling  the  degradation  phase  if  the  technique  is  to 
be  useful  as  a  means  for  exploiting  spatial  information. 

Several  approaches  have  been  adopted  in  attempting  to 
circumvent  the  degradation  process  by  controlling  the  relaxation 
parameters  [3],  by  using  non-stationary  compatibility  coefficients 
[4],  or  by  using  only  a  single  iteration,  the  last  of  which  is  based 
upon  the  observation  that  most  (but  not  all)  improvement  occurs 
at  this  stage.  These  suffer  through  being  non-optimal  or  by  their 
excessive  computational  demands. 

Here  a  method  to  overcome  label  degradation  is  proposed  in 
which  the  influence  of  neighbouring  pixels  is  reduced  with  the 
iteration  count.  This  is  motivated  by  a  consideration  of  how 
information  propagates  with  iteration  count  (5)  and  the  extent  of 
label  correlation  known  to  exist  for  particular  data  sources  [6). 
The  diminishing  neighbourhood  effect  is  implemented  by  a 
simple  scheme  for  modifying  the  neighbour  weights  for  each 
iteration.  This  is  readily  implemented  and  has  a  theoretical 
guarantee  that  the  relaxation  process  will  be  bounded  by  the 
standard  and  the  noniterating  processes. 

11.  DIMINISHING  NEIGHBOURHOOD  EFFECTT 

The  updating  rule  for  the  standard  relaxation  algorithm  is 


P|-'a)= 


p':(w!(>-) 


3t' 

with  a  neighbourhood  function  (X)  defined  as 


(1) 


(2) 


in  which  p,  is  the  label  probability  vector  for  the  ith  pixel,  J 
denotes  the  set  of  neighbouring  pixels  about  and  including  the 
centre  pixel  i  and  Pij(X.|X')  denotes  the  measure  of  compatibility 
of  pixel  i  being  labelled  X  and  pixel  j  being  labelled  X'.  The 

p,j(X|X')i  are  appropriately  called  the  compatibility  coefficients. 
Peleg  17]  has  recommended  a  different  set  of  comnatibilily 
coefficients  based  upon  label  probabilities  conditional  upon 
neighbourhood  measurement  vectors.  The  neighbour  weights, 
which  arc  denoted  by  djj  in  (2),  represent  the  relative  amount  of 
influence  in  the  updating  process  coming  from  the  corresponding 
member  of  the  neighbourhood. 

Based  upon  Haralick's  [5]  interpretation  that  the  relaxation 
process  expands  the  effective  contributing  context  wtth  iterations. 
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and  that  the  process  starts  to  degrade  at  4  or  S  iterations,  there 
appear  to  be  two  ways  to  minimise  the  degradation  effect  at  high 
iterations.  The  simpiest  approach  would  be  to  stop  the  process  at 
iteration  4  or  5.  A  better  approach  is  to  decrease  the 
neighbourhood  influence  with  iterations,  by  decreasing  the 
neighbourhood  weights  for  neighbouring  pixeis  according  to 
iteration  count  such  that  these  converge  to  zero,  whiie  the 
neighbour  weight  for  the  centre  pixei  should  converge  to  unity. 

III.  A  MODIHCATION  SCHEME 

Suppose  we  choose  the  neighbour  weights,  djj,  in  the  standard 
relaxation  algorithm  [1]  to  be  decreasing  functions  of  iteration 
count,  k,  in  the  manner 

d„(k)=d^(l)exp 

so  that 

d,(k)=l-Xd„(k) 

m 

in  which  dij(l)  =  (1  -  dii(l))/IJI  and  IJI  is  the  number  of 
elements  in  J 

Here  dij(k)  denotes  the  value  of  d,j  at  iteration  k.  This  choice  for 
dij(k)  has  the  following  desirable  properties: 

1.  ask-»M;dii-»  l.djj^O 

2.  dij(k+l)^dij(k)forallkSl 

3 .  standard  relaxation  is  a  special  case  given  by  a  =  0 

4 .  non-iterating  relaxation  is  a  limiting  case  for  a  ->  <» 

Equal  weights  for  neighbouring  pixels  have  been  specified  here 
because  this  is  generally  the  case  and  has  been  implemented  in 
our  experiments. 

The  proposed  neighbour  weight  functions  depend  on  a  rate 
parameter,  a,  that  determines  how  quickly  the  neighbourhood 
effects  arc  diminished.  With  a  small,  the  algorithm  is  allowed  to 
iterate  relatively  freely  and  at  the  limit,  standard  relaxation  results. 
With  a  large,  the  converse  applies  and  at  the  limit,  the  algorithm 
becomes  noniterating.  Consequently,  relaxation  with  the 
modified  scheme  proposed  will  have  performance  bounded  by 
those  of  the  standard  algorithm  and  the  noniterating  version. 

A::hnugh  there  is  no  explicit  stopping  criterion  for  relaxation  with 
the  proposed  modification  scheme,  we  have  chosen  to  terminate 
the  process  when  the  dij's  become  negligible  (<10'^)  as  the 
process  iterates.  This  allows  the  maximum  number  of  iterations 
required  for  each  combination  of  a  and  dafl)  to  be  predicted. 

IV  RESULTS 

Experiments  on  the  diminishing  neighbourhood  relaxation  rule 
were  carried  out  with  a  model  data  set  and  also  with  a  Landsat 
MSS  image  segment  of  82  x  100  pixels  in  an  agricultural  region. 
The  model  data  set  consists  of  only  two  classes,  hypothetically 
named  as  'w'  and  ' the  ground  umth  map  is  shown  in  Fig.  la. 
Initial  probability  estimates  for  the  relaxation  process  and  the 
compatibility  coefficients  were  generated  from  this  map.  The 
initial  probabilities  were  determined  arbitrarily  from  a  random 
Gaussian  generator,  assuming  distributions  that  have  mean  =  0.7 
and  standard  deviation  =  0.1  for  label  'w',  and  for  label  ’ a 
mean  =  0.6  and  a  standard  deviation  =  0.1. 

The  experiment  with  the  Landsat  MSS  image  provided  a  test  of 
the  algorithm  for  multiclass  labelling  with  the  initial  probability 


estimates  derived  from  spectral  information  and  ground  cover 
statistics,  while  the  experiments  on  model  data  give  better  insight 
into  the  effect  of  the  algorithm  on  field  geometry. 

In  all  experiments,  dii(l)  was  chosen  to  be  0  and  Peleg's 
coefficients  [7]  were  us^.  The  initial  labelling  for  the  model  data 
set  is  depicted  in  Fig.  lb,  showing  the  initial  classification  error 
to  be  21  out  of  the  map  of  100  pixels.  The  error  was  reduced  to  7 
after  one  iteration  of  the  relaxation  process.  The  labelling  after  1 
iteration  is  shown  in  Fig  Ic.  The  full  set  of  experimental  results 
for  different  values  of  a  are  tabulated  in  Table  1.  Wherein  it  is 

seen  that  the  optimal  value  for  a  is  0.5;  the  corresponding 
labelling  is  shown  in  Fig.  Id. 

For  the  Landsat  MSS  image  in  Fig.  2a,  a  careful 
photointerpretation  was  carried  out  using  the  four  muitispectral 
bands.  This  was  used  as  a  reference  map  for  the  experiment. 
The  image  was  segmented  into  seven  classes  as  in  Fig.  2b. 
Means  and  covariance  matrices  for  normal  class  density 
distributions  were  computed  by  extracting  training  areas 
coaesponding  to  each  ground  cover  type  from  the  reference  map. 
The  normal  probability  distribution  functions  were  then  used  to 
compute  the  initial  probability  estimates  for  the  relaxation 
process.  The  labelling  based  on  those  initial  estimates  had  an 
accuracy  of  65.6%  which  was  improved  to  72.2%  by  the 
controlled  relaxation  process.  The  reference  map  was  also  used 
to  tabulate  the  joint  statistics  from  which  Peleg's  coefficients  were 
computed. 

The  experimental  results  are  summarized  in  Table  2  and  the  final 
labelling  for  the  optimal  a  of  2.0  is  depicted  in  Fig.  2c. 

V.  CONCLUDING  REMARKS 

From  the  experiments  performed  with  the  modification  scheme 
proposed,  a  proper  choice  of  a  will  achieve  and  substain  a 
minimum  error  level.  Although  the  method  of  determining  the 
optimum  value  of  a  is  yet  to  be  derived,  the  result  from  the 

Landsat  image  suggests  that  a  range  of  a  will  give  an 
improvement  to  the  algorithm. 
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ABSTRACT 

A  classification  algorithm  has  been  developed  which 
permits  use  of  spectral  patterns  in  the  classification 
process.  Based  on  a  correlation  decision  rule,  the 
classl^der  assigns  an  unknown  pixel  to  the  classifica¬ 
tion  category  having  the  most  similar  spectral  pattern 
—  the  "Nearest  Spectrum."  The  Nearest  Spectrum  clas¬ 
sifier  can  be  used  as  either  a  parametric  or  non-para- 
metric  classification  algorithm  with  respect  to  the 
training  information  used.  It  is  free  of  statistical 
assumptions  and  sampling  limitations  due  to  the  nature 
of  the  classifier. 

Keywords:  Classifier,  Spectral  Matching,  Correlation 


INTRODUCTION 

Supervised  classification  of  Thematic  Mapper  data  uses 
statistical  parameters  calculated  from  samples  of  each 
target  class  to  assign  pixels  to  the  most  similar 
class.  The  advantages  of  supervised  classification 
are  quick  outputs,  an  immediately  Interpretable  clas¬ 
sified  map,  and  target  oriented  data  processing. 
Disadvantages  of  supervised  classification  Include  the 
need  for  sufficiently  large  data  sets  to  permit  un¬ 
biased  estimation  of  population  parameters,  and  diffi¬ 
culties  in  meeting  the  requirements  of  data  distribu¬ 
tion  and  statistical  assumptions  (James,  1985).  Many 
supervised  classifiers  are  used  in  remote  sensing  data 
classification  while  ignoring  these  restrictions. 

Assignment  of  pixels  to  clusters,  or  cover  type  cate¬ 
gories,  has  been  the  primary  focus  of  land  cover/use 
cp'JCiaiists  (Chuvieco  and  Congalton,  1988),  and 
startegies  have  been  developed  to  improve  existing 
methods  (Wharton  and  Turner,  1981) .  Using  supervised 
or  unsupervised  classification  algorithms  for  classi¬ 
fication  of  remote  sensor  data  requires  a  decision 
rule  for  grouping  data  into  clusters.  Bayes'  rule  is 
widely  applied  for  probability  related  supervised 
classification  algorithms,  to  minimize  the  probability 
of  mis-classificatlon  (Swain  and  Davis,  1978). 
Euclidian  distance  is  used  in  some  supervised  classi¬ 
fication  algorithms  and  also  in  some  unsupervised 
clustering  algorithms.  Many  types  of  classification 
algorithms  have  been  derived  applying  Bayes'  rule  or 
Euclidean  distance  (Skidmore  and  Turner,  1988),  but 
none  satisfy  all  needs.  Our  search  for  a  better 
classifier  included  comparisons  of  several  available 
classification  procedures  (Justice  and  Townshend,  1982; 
Tom  and  Miller,  1984),  and  a  search  for  better  samp¬ 


ling  designs  for  obtaining  statistics  to  train  a  super¬ 
vised  classifier  (Chuvieco  and  Congalton,  1988.)  We 
also  developed  a  data  set  to  evaluate  accuracy  of  a 
classified  map  (Hay,  1979),  for  when  a  training  set 
does  not  truly  represent  a  population,  classification 
performance  may  be  seriously  limited  (Hixson  et  al., 
1979) .  A  classification  rule  with  as  few  limitations 
as  possible  was  desired  for  developing  a  new  classifi¬ 
cation  algorithm. 


THE  NEAREST  SPECTRUM  CLASSIFIER 

Landsat  data  is  a  collection  of  multispectral  records 
of  energy  upwelling  from  terrain  surfaces.  Each 
terrain  feature  is  represented  by  its  own  spectral 
distribution,  or  spectral  signature.  For  most  para¬ 
metric  classification  algorithms,  a  large  sample  size 
is  required  to  obtain  an  unbiased  estimate  of  popula¬ 
tion  parameters.  A  large  sample  size  is  not  always 
available  due  to  lack  of  reference  data,  high  cost  of 
sampling,  or  other  factors.  When  there  are  sufficient 
laboratory  measurements,  or  previous  survey  information 
for  the  area  of  concern,  applicatlor  of  a  correlation 
decision  rule  can  help  identify  existing  terrain 
features  in  the  study  area.  The  correlation  decision 
rule  may  be  described  as  follows: 

If  the  n-dimensional  vector  for  a  single 
pixel  of  multispectral  data  is  sufficiently 
correlated  with  the  corresponding  n-dlmensional 
vector  of  an  Identified  cover  class,  the  pixel 
is  assumed  to  belong  to  this  class.  The 
criterion  for  "sufficiently"  may  be  varied  to 
meet  user  needs,  within  the  range  of  0.000  to 
1.000.  If  the  n-dimenslonal  vector  meets  the 
sufficiency  criteria  for  more  than  one  class, 
the  pixel  is  assigned  to  the  class  with  the 
highest  correlation. 

This  correlation  declson  rule  makes  itaximum  use  of  the 
multispectral  information  for  each  target  class.  A 
classifier  employing  this  decision  rule,  called  Nearest 
Spectrum,  was  developed  and  tested  under  the  following 
conditions: 

1.  with  current  training  data  used  to  train 
the  classifier. 

2.  with  previous  information  used  to  train 
the  classifier. 

3.  with  one  pixel  used  to  train  the  classifier. 
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Data  Description 

TM  data  for  two  different  sites  were  selected  for  test¬ 
ing  the  reliability  of  the  new  classification  algor¬ 
ithm.  One  was  used  for  qualitative  analysis  of  clas¬ 
sification  results  since  reference  data  were  not 
available.  The  other  was  used  for  quantitative  analy¬ 
sis  of  classification  results  using  an  enumerated 
reference  data  set. 

Study  area  one  Is  3.6  km  north/south  and  3.24  km  east/ 
west,  on  Ross  Island's  Cape  Crozler,  Antarctica.  The 
TM  data  used  was  from  the  26  January  1985  acquisition 
for  Path  OSS,  Row  IIS.  Figure  1-a  Is  a  feature  plot 
for  the  study  area.  Including  two  penguin  rookeries 
(labelled  R) ,  based  on  a  "manual"  Interpretation  of  a 
3-band  color  composite  prepared  by  H,  R.  Schwaller. 

Four  land  features  -  Rookery,  Snow,  Basalt,  and  Tuff  - 
were  Identifiable.  Snow,  Basalt  and  Tuff  have  been 
grouped  as  "Land"  on  the  plot  for  they  were  not  targets 
of  Interest.  Clouds  (labelled  C)  and  Sea  Ice  (labelled 
1)  were  also  Identifiable.  While  the  boundaries  of  the 
rookeries  may  not  be  precise,  their  locations  were 
correctly  Identified  from  the  false-color  composite 
and  verified  during  ground  Investigation. 

Study  area  two  Is  a  rectangular  region  2.2  km  north/ 
south  and  3.6  km  east/west.  In  Leelanau  County,  MI. 

The  TM  data  used  were  from  the  11  July  1984  acquisi¬ 
tion  for  Path  022,  Row  029.  Reference  data  for  this 
site  Includes  nine  cover  types  enumerated  from  aerial 
photographs,  a  TM  color  composite,  and  field  checks. 
These  nine  cover  types  are  Water,  Wetland,  Conifers, 
Broadleaved  Forest,  Mixed  Forest,  Agriculture,  Range- 
land,  Urban  and  Gravel  Pit.  A  site  specific  accuracy 
obtained  through  pixel  by  pixel  enumeration  of  these 
nine  cover  types  was  used  to  evaluate  classlflactlon 
results. 

Results  and  Discussion 

Results  of  each  of  Che  three  secs  of  the  Nearest 
fpectrum  classifier  have  been  compared  with  results 
obtained  with  two  other  classifiers:  a  Nearest  Mean 
classifier  and  a  Gaussian  Maximum  Llkllhood  classifier. 

Case  One 

Spectral  separation  of  penguin  rookeries  from  back¬ 
ground  materials  results  from  the  guano  deposits  in 
and  around  the  penguin  colonies.  Deposits  of  guano 
and  related  debris  made  a  unique  organic  soil  which  Is 
distinguishable  from  surrounding  areas  In  satellite 
Inuiges. 

Figure  1-b  is  a  result  from  the  Nearest  Spectrum  clas¬ 
sifier  using  conventional  training  sets,  with  only 
pixels  classified  as  rookery  shown  on  the  plot.  Some 
commission  errors  resulted  from  pixels  of  cloud  clas¬ 
sified  as  rookery.  Two  penguin  rookeries  were  Identi¬ 
fied  at  a  criterion  of  0.000  (no  minimum  correlation 
requirement)  for  all  targets. 

Figure  1-c  is  a  result  from  the  Nearest  Mean  classifier 
using  the  same  training  sets,  with  all  shaded  areas 
pixels  classified  as  rookery.  The  number  of  commission 
errors  Is  high,  with  many  pixels  of  cloud  and  non¬ 
rookery  land  features  classified  as  rookery. 

Figure  1-d  Is  a  result  from  the  Gaussian  Maximum  Llkll¬ 
hood  classifier  using  the  same  training  sets.  Although 
the  two  penguin  rookeries  were  identified,  the  number 
of  commission  errors  is  very  high.  Not  only  have  some 
pixels  of  cloud  and  other  land  features  been  classified 
as  rookery,  but  also  pixels  on  the  edge  of  the  sea  Ice 
were  classified  as  rookery.  The  accuracy  of  penguin 
rookery  classification  may  appear  high  due  to  the  many 
commission  errors,  but  these  reduce  confidence  In  the 


classification  results. 

Figure  2-a  Is  a  result  from  the  Nearest  Spectrum  clas¬ 
sifier  using  the  mean  vector  of  the  training  sets  for 
only  the  penguin  rookery.  Only  pixels  having  a  corre¬ 
lation  coefficient  between  their  vector  and  the  group 
mean  vector  larger  than  0.9S0  were  classified  as 
rookery.  Two  yenguln  rookeries  were  classified  with¬ 
out  any  obvious  commission  errors,  but  some  omission 
errors  resulted  from  the  high  value  placed  on  the  cor¬ 
relation  criterion. 

The  value  of  the  correlation  criterion  can  be  varied 
to  reflect  the  relative  Importance  of  ommlsslon  and 
commission  errors.  Figures  2-b  and  2-c  are  results 
from  the  Nearest  Spectrum  classifier  using  training 
sets  for  penguin  rookery  only,  with  criterion  values 
of  0.900  and  0.8S0,  respectively.  The  result  obtained 
at  0.900  shows  two  rookeries  Identified  with  very  few 
comnlsslon  errors,  a  result  similar  to  that  In  Figure 

1- d  from  the  Gaussian  Maximum  Llkllhood  classifier. 

The  great  advantage  of  the  Nearest  Spectrum  classifier 
is  Its  simplicity  of  training  set  selection  and  quick 
target  detection.  Figure  2-d  shows  the  result  from 
the  Nearest  Spectrum  classifier  with  only  one  pixel 
used  as  a  training  set,  and  the  0.950  criterion.  This 
one  training  pixel  was  randomly  selected  from  within 
the  rookery  and  used  for  calculation  of  correlation 
coefficients  with  other  pixels.  Any  other  pixel  whose 
correlation  with  the  training  pixel  was  less  than  0.950 
was  classified  as  non-rookery.  A  comparison  of  Figure 

2- a  using  mean  values  from  larger  training  sets  with 
Figure  2-d  using  single  pixel  training  sets,  both  from 
the  Nearest  Spectrum  classifier  with  a  0.950  criterion, 
show  similar  classification  results.  In  those  case- 
where  large  training  sets  cannot  be  Identified,  single 
pixels  can  be  used  as  training  sets  with  little  loss 
in  accuracy. 

Varying  the  level  of  the  correlation  criterion  permits 
the  user  to  balance  omission  and  commission  errors.  A 
large  value  of  the  criterion  tends  to  reduce  conmisslon 
errors  but  increase  omission  errors,  while  a  snmll 
value  of  the  criterion  tends  to  increase  commission 
errors  and  reduce  omission  errors.  Careful  selection 
of  the  correlation  criterion  is  essential  In  achieving 
desired  classification  result  i  when  using  training 
Information  for  only  one  target. 

Since  the  Nearest  Spectrum  classifier  makes  maximum 
use  of  multispectral  information,  It  has  several 
advantages  for  target  detection.  Figures  1-b,  1-c, 
and  1-d  show  the  Nearest  Spectrum  classifier  to  be 
superior  to  all  others  tested  for  detecting  penguin 
rookeries . 

Case  Two 

The  second  test  was  conducted  for  part  of  the  Sleeping 
Bear  Dunes  Test  Site  In  Leelanau  County,  MI,  for  which 
enumerated  reference  data  area  available.  All  nine 
cover  types  in  the  reference  data  were  considered  of 
equal  importance.  Site  specific  accuracy  was  obtained 
by  comparing  the  classified  map  with  the  reference  data 
pixel  by  pixel.  Classification  accuracies  are  shown 
in  Table  1. 

Column  1  shows  results  from  the  NeaceSL  Spectruk  clas¬ 
sifier  using  teainlng  information  from  one  random 
pixel  for  each  target,  except  for  Wetland  and  Mixed 
Forest  whose  spectral  patterns  were  very  close  to  those 
for  Conifer  and  Broadleaved  Forest.  Overall  accuracy 
was  80.1%  with  a  Kappa  coefficient  of  66.0 

Results  In  Column  2  are  from  the  test  using  previous 
training  Information  derived  from  an  October  1982  TM 
data  set  for  the  same  area.  Overall  accuracy  was 
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76.6%  with  a  Kappa  coefficient  of  61.6.  Accuracy  in 
classifying  Water  and  Broadleaved  Forest  were  parti¬ 
cularly  good.  Without  any  current  training  data  to 
modify  previous  training  information,  accuracy  for 
Water  was  98.5%  and  for  Broadlcavcd  Forest  92.6%. 

Results  in  Column  3  were  obtained  with  conventional 
sampling  data  (for  1984)  as  training  information  for 
each  target  and  a  0.000  correlation  criterion.  An 
overall  classification  accuracy  of  76.9%  and  a  Kappa 
coefficient  of  62.2  were  obtained. 

If  different  criteria  were  used  for  each  target  before 
correlation  coefficients  of  all  targets  with  an  unknown 
pixel  were  compared,  the  Nearest  Spectrum  classifier 
would  assign  u''  unknown  pixel  to  a  class  with  unequal 
weights  for  each  target.  Results  in  Column  4  were  from 
the  Nearest  Spectrum  classifier  with  different  criteria 
for  each  target  (0.998  for  Wetland  and  Mixed  Forest, 
0.000  for  all  others).  Using  the  same  conventional 
training  data  as  before,  an  overall  classification 
accuracy  of  80.5%  and  a  66.9  Kappa  coefficient  were 
obtained.  In  order  to  increase  classification  accuracy, 
it  is  necessary  to  assign  a  higher  criterion  to  classes 
with  fewer  pixels  thereby  preventing  large  commission 
errors  for  those  classes. 

Columns  5  and  6  show  classification  results  from  the 
Nearest  Mean  and  Gaussian  Maximum  Llklihood  classifiers 
respectivey.  Using  the  same  conventional  training  data 
as  with  the  Nearest  Spectrum  classifier,  the  Nearest 
Mean  classifier  yielded  a  75.4%  overall  classification 
accuracy  with  a  61.6  Kappa  coefficient,  while  the 
Gaussian  Maximum  Llklihood  classifier  yielded  a  77.0% 
overall  accuracy  and  a  65.2  Kappa  coefficient. 

Comparing  classification  results  obtained  for  both 
overall  classification  accuracy  and  Kappa  coefficient 
from  the  Nearest  Spectrum,  Nearest  Mean  and  Gaussian 
Maximum  Llklihood  classifiers  (bottom  of  Table  1: 
Columns  3  to  6)  indicates  that  when  the  same  training 
information  is  used,  the  Nearest  Spectrum  classifier 
gave  better  results  than  the  Nearest  Mean  classifier 
and  at  least  as  good  results  as  the  Gaussian  Maximum 
Llklihood  classifier.  Computational  costs  of  the 
Nearest  Spectrum  classifier  are  close  to  those  for 
the  Nearest  Mean  classifier,  and  lower  chan  chose  for 
the  Gaussian  Maximum  Llklihood  classifier. 

Discussion 

The  Nearest  Spectrum  classifier  offers  an  approach  to 
supervised  classification  of  mulcispectral  data  which 
differs  from  the  Nearest  Mean  and  Gaussian  Maximum 
Llklihood  classifiers.  It  assigns  an  unknown  pixel  to 
the  classification  category  having  the  most  similar 
spectral  pattern  —  the  "Nearest  Spectrum."  Since  the 
Nearest  Spectrum  classifier  uses  spectral  patterns  to 
classify  unknown  pixels,  data  with  large  spectral 
dimensions  (many  spectral  channels)  are  desired.  Data 
sets  with  few  spectral  dimensions  do  not  provide  as 
good  classification  accuracy  unless  the  spectral 
patterns  of  the  targets  are  very  different  in  their 
smaller  dimensional  space.  Another  advantage  of  the 
Nearest  Spectrum  classifier  is  its  ability  to  classify 
unknown  pixels  without  being  biased  by  the  size  of 
each  cover  type.  If  a  target  with  very  few  pixels  has 
a  different  spectral  pattern  from  others,  the  target 
can  be  accurately  classified. 

The  Nearest  Spectrum  classification  algorithm  should  be 
an  important  addition  to  the  currect  array  of  classi¬ 
fiers.  It  performs  better  with  limited  training  infor¬ 
mation,  has  lower  computational  costs,  and  high  clas¬ 
sification  accuracy.  The  calculation  of  correlation 
coefficients  is  much  faster  and  easier  chan  calculating 
density  functions  for  a  multivariate  normal  distribu¬ 


tion.  WIten  Che  number  of  channels  is  larger  Chan  7 
(the  number  of  TM  spectral  channels  is  currently  7,  but 
various  data  transformations  are  often  used  to  create 
"new"  data  channels),  the  Gaussian  Maximum  Llklihood 
classifier  is  ineffective  due  to  a  singularity  of 
variance  matrices,  and  Che  Nearest  Mean  classifier  is 
disadvantaged  by  colincarity  between  mulcispectral 
channels.  The  Nearest  Spectrum  classifier  can  accomo¬ 
date  many  spectral  channels,  and  results  tend  to  im¬ 
prove  as  the  number  of  channels  increases.  Also,  the 
Nearest  Spectrum  classifier  is  free  of  limitations 
based  on  size  of  training  sets  and  is  based  on  no 
statistical  assumptions  relating  to  estimation  of 
population  parameters. 

Conclusion 

The  Nearest  Spectrum  classifier  overcomes  several 
difficulties  in  selection  of  training  sets  for  a 
supervised  classification  of  multlspectral  data. 

Either  previous  measurements  or  knowledge  of  current 
cover  type  can  be  used  as  input  to  train  the  classi¬ 
fier.  It  is  free  of  statistical  assumptions  and  has 
fewer  limitations  regarding  training  data.  Thus,  the 
Nearest  Spectrum  is  a  simple,  efficient  and  relatively 
accurate  supervised  classification  algorithm. 
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Figure  1.  Comparison  of  classification  results  with 
different  classifiers. 

(a)  Cover  types  in  the  study  area 

C  »  cloud  I  “  sea  ice 
R  «  rookery 

(b)  Nearest  Spectrum  classifier 

(c)  Nearest  Mean  classifier 

(d)  Gaussian  Maximum  Liklihood  classifier 


(c)  (d) 

Figure  2.  Results  from  the  Nearest  Spectrum  classi¬ 
fier  for  one  target  class  with  different 
correlation  criteria,  (a),  (b)  and  (c) 
based  on  conventional  training  sets;  (d) 
with  one  pixel  used  as  a  training  set. 

(a)  Correlation  criterion  "  0.950 

(b)  Correlation  criterion  »  0.900 

(c)  Correlation  criterion  ■■  0.850 

(d)  Correlation  criterion  ■  0.950 


Table  1.  Sunmary  of  Classification  Results  Using  Different  Classifiers 


Accuracy  of  Classification  {%) 

Category 

of 

Nearest 

Spectrum 

Nearest  Mean 

Gaussian 

1 

2 

3 

4 

5 

6 

Water 

721 

99.4 

98.5 

99.6 

99.6 

99.0 

94.0 

Wetland 

SO 

0.0 

22.0 

26.0 

6  0 

40.0 

64.0 

Conifer 

567 

60.8 

46.0 

53.1 

73  4 

52.9 

61.7 

Broadleaf 

4998 

96.  1 

92.4 

<0 

95.7 

87.8 

81 .9 

Mixed  Forests 

76 

0  0 

68.4 

65.8 

22.4 

69.7 

27.6 

Agrlcul ture 

307 

65  1 

35,2 

31.3 

45.9 

43.6 

76.9 

Rangeland 

926 

36  7 

31.0 

34.4 

34.4 

38.1 

55.9 

Urban 

513 

28.5 

40.2 

35.1 

35.  1 

38.2 

70.4 

Gravel  Pit 

27 

22.2 

48*  1 

44.4 

44  4 

48  1 

51*. 9  ' 

Overal 1 

8185 

80.  1 

76  6 

76.9 

80.5 

75.4 

77.0 

Kappa 

66.0 

61.6 

62.2 

66  9 

61.6 

65.2 

1:  one  random  pixel  within  each  class.  2:  previous  training  Information 

3;  current  training  information.  4;  different  criteria  setting  for  each  class. 

5:  current  training  information  6  current  training  Information 
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ABSTRACT 

The  classiheation  of  surface  cover  types  based  on  satelUte-observed  spectral 
properties  is  one  of  the  primary  applications  of  remotely  sensed  data,  and 
has  been  a  basic  topic  of  interest  since  the  launch  of  the  first  LANDSAT 
satellite.  Identifying  forest  types,  agricultural  components,  geological  de* 
posits,  water  sources  and  other  environmental  factors  in  an  inexpensive  and 
repeatable  manner  is  crucial  to  the  acceptance  of  remote  sensing  by  the 
world  community.  Unfortunately,  limitations  of  sensor  *esolution,  spectral 
density  and  downlink  bandwidth  have  restricted  the  amount  of  information 
received  at  the  ground  station  and  hampered  automated  image  classification 
algorithms. 

A  major  obstacle  to  the  improvement  of  classification  reliability  from  sateL 
lite  images  has  been  the  limitation  of  analysing  only  a  single  multispectral 
scene  ii.  Otder  to  train  and  perform  the  classification.  The  reason  for  this 
limit  is  not  cost  of  imagery,  since  the  amount  of  time  spent  on  acquiring 
ground  truth,  training  the  classifiei  and  evaluating  results  is  much  higher. 
Rather,  the  inability  to  quantitatively  compare  data  acquired  at  different 
times  (inultitemporal)  or  from  different  imaging  sensors  (multispectral)  in 
either  the  geometric  or  radiometric  domains  has  been  the  main  impediment 
to  using  these  additional  information  sources. 

In  order  to  perform  analysis  of  multisensor  and  multitemporal  imagery, 
research  at  MacDonald  Dettwiler  has  focussed  on  the  physical  processes 
involved  at  each  stage  of  the  image  acquisition  and  processing  phase.  Raw 
data  from  different  satellites  is  geometrically  registered  and  radiometrically 
calibrated  to  allow  the  overlay  and  subsequent  quantitative  comparison  of 
the  observed  regions  on  the  earth’s  surface.  By  carefully  maintaining  image 
integrity  through  the  processing  chain,  the  resulting  output  image  pixels 
accurately  represent  the  reflectance  of  the  ground  at  map  grid  positions. 

This  paper  explores  the  stages  required  for  quantitative  remote  sensing  using 
techniques  of  spacecraft  modelling,  sensor  calibration,  low-error  resampling 
and  atmospheric  correction.  Results  of  the  pro':efs  ar«  illustrated  on  two 
independent  images  taken  from  the  LANDSAT-5  TM  sensor  and  SPOT 
MLA  censor  Have  ^p^ft  High  r^diom^trir  apH  geom*  tegwlrstron 

between  the  corrected  spectral  signatures  allowed  training  .  one  scene 
to  be  used  to  classify  the  other,  in  spite  of  different  sensor  ch  actrristics 
and  weather  conditions  under  which  the  images  were  acquired. 


Keywords:  Classification,  Geometric  Registration,  Resampling,  Atmospheric 
Correction 


1  REUSING  CLASSIFICATION 
INFORMATION 

The  goal  of  classifying  multispectral  imagery  is  straightforward:  to 
map  the  digital  pixel  values  to  ground  reflectance  values.  Despite  its 
apparent  simplicity,  this  digital-number  to-ground  reflectance  trans¬ 
formation  is  not  a  single  function  but  is  in  fact  the  culmination  of  a 
complex  set  of  linhs  in  the  remote  sensing  processing  chain.  Estab¬ 
lishing  the  weakest  link,  strengthening  it,  then  reevaluating  the  chain 
is  the  ongoing  process  the  remote  sensing  community  is  engaged  in 
as  we  pursue  the  goal  of  quantitative  remote  sensing. 

One  measure  of  how  well  a  system  performs  this  DN  reflectance 
mapping  is  the  reusability  of  cleusiflcation  training  sets.  Despite  the 
fact  that  the  acquisition  and  cataloging  of  ground  cover  is  an  ex¬ 
pensive  and  time  constuning  activity,  most  training  sets  expressed  in 
terms  of  spectral  signatures  caimot  be  reused  on  the  same  scene  at 
any  other  time.  Using  “signature  extension”,  MacDonald  Dettwiler 
has  utilized  consistent  approaches  to  geometric  and  radiometric  cor¬ 
rection  to  classify  a  SPOT  MLA  scene  from  the  training  set  created 
for  a  Landsat  TM  scene. 

2  QUANTITATIVE  REMOTE  SENSING 

The  notion  of  quantitative  remote  sensing  implies  the  assessment  of 
a  physical  quantity  and  error  limits  on  each  step  in  the  processing 
chain.  Both  radiometric  and  geometric  fldelity  are  required  in  order 
to  establish  both  the  ground  reflectance  at  a  point  on  the  earth,  as 
will  as  its  Iccatioir  ta  some  degree  of  accuracy. 

The  steps  required  to  meet  the  stringent  test  of  signature  extension 
are  the  following: 

1.  Absolute  Sensor  Calibration 

2.  Precision  Spacecraft  Modelling 

3.  Atmospheric  Modelling 

4.  Information-preserving  Digital  Resampling 


643 


3  SENSOR  CALIBRATION 

Sensor  calibration  estabiishes  the  reiationship  between  radiant  energy 
impinging  upon  each  imaging  eiement  of  the  sensor  and  the  measured 
and  quantized  vaiue  transmitted  by  the  sateiiite. 

For  the  Lemdsat  TM  sensor,  pre-flight  measurements  were  made  to 
estimate  the  radiometric  characteristics  of  the  onboard  iamps  with 
an  uncertainty  of  about  5%  (Barker  85).  This  information  is  sup- 
piemented  by  in-flight  caiibration  data  obtained  by  observing  the 
caiibration  iamps  after  each  swath.  Aii  this  data  has  been  incorpo¬ 
rated  into  the  absoiute  caiibration  step  aiiowing  accurate  retrievai  of 
measured  radiance. 

The  SPOT  sateiiite’s  CCD  array  have  gains  and  dark  current  vaiues 
that  V£iry  with  time  (CNES  85).  CNES  updates  these  vaiues  severai 
times  a  year  providing  up  to  date  caiibration  information  for  ground 
processing  stations. 

Another  form  of  caiibration  is  from  the  White  Sands,  Nevada  test 
area,  where  Dr.  P.  N.  Siater  has  worked  on  simuitaneous  acquisition 
of  radiance  data  whiie  the  sateiiite  passes  over,  enabiing  the  assess¬ 
ment  of  absoiute  caiibration  (Siater  87). 

The  end  resuit  of  the  absoiute  caiibration  phase  is  known  as  apparent 
radiance. 

4  SPACECRAFT  MODELLING 

Radiometric  accuracy  is  meaningiess  without  the  association  of  the 
spectrai  signature  with  a  iocation  on  the  earth’s  surface.  MacDonald 
Dettwiler  has  used  modelling  of  the  physical  imaging  process  since  the 
early  stages  of  the  Landsat-IV  program  and  now  include  Landsat-V, 
SPOT,  and  the  Japanese  MOS-1  (Erickson  89)  satellite  models.  The 
specialization  of  modelling  into 

•  sensor  model, 

•  satellite  model, 

•  earth  model,  and 

•  map  model 

have  allowed  the  expansion  of  satellite  types  and  enhancement  of 
modelling  to  include  long  sections  of  the  orbit  track  to  a  high  degree 
using  few  control  points  (Sharpe  88). 


5  DIGITAL  RESAMPLING 

Resampling  is  a  complex,  and  sometimes  misunderstood  digital  signal 
processing  task  in  remote  sensing.  Done  incorrectly,  it  can  introduce 
artifacts  and  geometric  distortion.  We  distinguish  a  resampler  from 
an  interpolator  by  the  foUowing  criterion:  A  resampling  operation 
preserves  the  mean  and  variance  of  the  original  sampled  signal,  while 
an  interpolator  is  simply  some  method  of  establishing  intermediate 
-vrlues-between  sampled  points.  By  this  definition,  cubic  convolu¬ 
tion  is  an  interpolator,  but  not  a  resampler.  A  resampler  is  built  on 
on  underlying  mode!  of  hov.-  the  signal  -.vas  acquired  and  sampled, 
and  reconstructs  this  underlying  data  prior  to  deriving  a  new  set  of 
sampled  points.  Wornell  et.  al.,  (Wornell  89)  show  that  in  order  to 
preserve  the  radiometric  integrity  of  the  original  imagery  to  within 
1%,  it  is  necessary  to  use  at  least  an  8-point  resampling  kernel.  Fur¬ 
ther,  the  resampling  kernel  should  be  derived  such  as  to  minimize  the 
RMS  (root-mean-square)  difference  between  the  original  and  resam¬ 
pled  image. 


Landsat  TM 

SPOT  MLA 

Date 

Time 

Sun  Zenith 
Sun  Azimuth 
View  Zenith 
Visibility 

Sept  5,  1987 
18:27:58  GMT 
47.0° 
143.8° 

1.8° 

20-30  miles 

Sept  17,  1987 
19:15:00  GMT 
47.7° 

162.3° 

0.9° 

12-15  miles 

Table  1:  Image  acquisition  conditions  for  the  Landsat  TM  and  SPOT 
MLA  scenes.  Meteorological  visibility  was  obtained  from  the  Pacific 
Regional  Offlee  of  the  Atmospheric  Environment  Service. 


As  remotely-sensed  imagery  becomes  widely  used  for  quantitative 
analysis,  machine  analysis  of  resampled  imagery  has  become  com¬ 
monplace.  It  is  important  that  images  that  have  passed  through 
rigorous  modelling  and  correction  stages  not  be  compromised  by  dis¬ 
tortions  introduced  by  the  resampling  operation. 

6  ATMOSPHERIC  CORRECTION 

Atmospheric  modelling  and  correction  is  the  final  phase  before  sig¬ 
nature  extension  can  be  achieved.  Although  the  previous  stages  es¬ 
tablish  and  preserve  the  apparent  radiance,  estimating  the  actual 
reflectance  of  the  surface  still  requires  solar  and  atmospheric  models. 

MacDonald  Dettwiler’s  work  in  atmospheric  modelling  has  been  de¬ 
scribed  in  (Robertson  89).  The  analytic  atmospheric  model  corrects 
for  the  effects  due  to  sun  position,  gaseous  absorption,  radiation 
backscatter,  direct  and  diffuse  upward  transmittance,  and  direct  and 
diffuse  downward  transmittance. 

Upon  completion  of  the  atmospheric  correction  stage,  the  data  has 
been  converted  from  apparent  radiance  to  corrected  reflectance,  that 
is  iui  accurate  estimate  of  the  spectrai  reflectance  properties  of  the 
surface  integrated  over  a  region  on  the  ground. 

7  SIGNATURE  EXTENSION 

The  high  degree  of  spectral  overlap  between  the  SPOT  HRV  multi- 
spectral  bands  and  Landsat  TM  bands  2,  3  and  4  makes  signature 
extension  possible.  Even  so,  care  must  be  taken  to  account  for  the 
differences  in  the  spectral  response  of  the  two  sensors.  Since  this  in¬ 
formation  is  integrated  in  the  caiibration  phase  described  above,  the 
reflectance  data  generated  by  these  procedures  are  directly  compara¬ 
ble. 

Two  scenes  were  acquired  for  the  signature  extension  test;  a  Landsat 
TM  image  acquired  September  5th,  1987,  and  a  SPOT  MLA  image 
from  September  17th.  The  acquisition  dates  were  near  enough  in 
time  that  the  ground  cover  was  effectively  unchanged  between  the 
two  images,  yet  significant  differences  in  the  atmospheric  conditions 
enabled  the  assessment  of  the  atmospheric  modelling  and  correction 
procedures.  Table  1  shows  the  conditions  under  which  the  images 
were  acquired. 

To  r;js5s  th?  ability  to  extend  ypectra!  signature?  be^'*^een  the  two 
datasets,  rectangular  regions  of  uniform  appearance  were  selected 
from  the  geocoded  imagery.  All  sites  cover  the  same  ground  area, 
hence  there  were  four  times  as  many  SPOT  pixels  at  a  geocoded  12.5 
metre  resolution  than  TM  pixels  at  a  geocoded  25  metre  resolution. 
Figure  1  shows  a  graph  of  the  raw  digital  numbers  at  the  test  sites. 
Regression  analysts  shows  that  there  is  a  0.98  correlation  between 
each  band  pair,  which  indicates  the  sites  chosen  truly  were  stable 
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TM  vs  MLA  Raw  Digital  Numbers 

For  Homogenous  Sites  In  Voncouver  Datasets 


Figure  1:  Comparison  of  the  raw  digital  numbers  at  24  test  sites  in 
the  TM  and  MLA  imagery  of  Vancouver.  While  there  is  a  strong 
linear  relationship,  no  absolute  comparisons  may  be  made  between 
the  TM  and  MLA  data  as  there  is  no  way  of  relating  the  raw  ONs  to 
surface  properties.  Time  varying  sensor  properties  and  environmen¬ 
tal  conditions  mean  the  slope  and  intercept  of  the  line  relating  the 
TM-MLA  band  pairs  changes  from  scene  to  scene. 


over  the  12  day  period.  The  fact  that  the  slopes  and  intercepts  of 
lines  fit  through  the  data  are  different  in  each  band,  and  far  different 
than  an  ideal  linear  relation  with  a  slope  of  one  and  a  zero  intercept 
highlights  the  problems  associated  with  the  quantitative  comparison 
of  inultitemporal  multisensor  datasets. 

Figure  2  shows  the  apparent  and  conected  reflectance  of  the  test 
sites  for  the  TM  band  4  and  MLA  band  3  data.  The  relationship  be¬ 
tween  the  corrected  reflectance  values  is  close  to  the  ideal  relationship 
with  a  near  one  slope,  and  near  zero  intercept.  Once  sensor-specific 
effects  are  removed,  such  as  calibration  and  normalization  of  spec¬ 
tral  response,  and  by  applying  the  appropriate  atmospheric  model 
to  remove  atmospheric  effects,  the  correspondence  between  the  two 
images  is  within  0.02  reflectance  units  in  all  bands.  The  remaining 
differences,  about  6  TM  digital  values,  are  well  within  the  absolute 
calibration  accuracies  quoted  for  the  TM  and  MLA  sensors. 

It  is  important  to  consider  that  the  results  obtained  are  without  resort 
to  relative  operators  such  as  histogram  equalization.  Instead,  each 
image  has  been  independently  modelled  and  corrected  to  an  absolute 
scale  of  reference,  the  essence  of  quantitative  remote  sensing. 


8  CONCLUSIONS 

Using  analytic  techniques,  we  have  modelled  the  radiometric  and  ge¬ 
ometric  acquisition  process  for  satellite  imagery,  including  the  sensor 
characteristics,  satellite  motion,  earth  and  map  models,  and  atmo¬ 
spheric  conditions.  4  systematic  test  of  applying  these  methods  to 
two  images  from  different  satellites  shows  the  restoration  of  sampled 

energy  at  the  satellite  to  ground  reflertanre,  and  in  dnjne  so  removes 

most  satellite  dependencies,  producing  imagery  with  less  dependence 
on  satellite  type,  time  of  day,  and  atmospheric  conditions. 

In  particular,  the  ability  to  normalize  imagery  from  different  satel 
lites  such  that  their  estimates  of  ground  reflectance  is  within  10% 
enables  a  major  lowering  of  the  cost  of  acquiring  ground  reflectance 
data  directly  by  allowing  the  reuse  of  information  through  signature 
extension. 


Apparent  and  Corrected  Reflectance 

For  Homogeneous  Areas  In  Vancouver  Datasets 
Londsot  TM4  vs  SPOT  MLA3 


MJi  Rctk-cloncc 

Figure  2;  Comparison  of  apparent  and  corrected  reflectance  at  the  24 
test  sites  in  TM  band  4  and  MLA  Band  3  imagery.  Notice  that  the 
corrected  TM  and  MLA  reflectance  values  may  be  directly  compared 
as  they  are  represented  on  the  same  scale,  and  the  line  fit  through 
the  data  has  a  slope  close  to  the  one  and  a  near-zero  intercept. 
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Abstract 

The  classification  accuracy  obtained  from 
the  glassification  of  satellite  images  using 
pixel  by  pixel  conventional  methods  could  be 
improved  if  the  contextual  information  is 
considered  jointly  with  the  spectral 
information  in  the  same  strategy  of 
classification.  A  computer  program  has  been 
developed  to  implement  a  contextual 
classifier  algorithm.  The  accuracy  improvement 
was  evaluated  and  tested  in  two  pilot  zones 
of  Central  Spain. 

1.-  INTRODUCTION 

The  digital  images  coming  from  the  earth 
observation  satellites  (Landsat  TM  and  MSS, 
SPOT,  NOAA,  MOSS),  always  contain  three  types 
of  information: 

Firstly,  a  spectral  information  resulting 
from  the  interaction  between  the 
electromagnetic  energy  and  the  materials  that 
can  be  found  on  the  earth  surface. 

Secondly,  a  temporal  information  derived 
of  the  satellite  orbits  repetivity  that 
allows  to  study  the  evolution  of  the  spectral 
signatures  of  the  surfaces  and  makes  it 
possible  to  monitor  their  temporal  changes. 

Finally,  there  is  a  spatial  information, 
that  represents  the  spatial  organization  of 
pixels  that  make  up  the  image  obtained  by  the 
sensor. 

Traditionally  the  first  two  types  of 
information  have  been  the  most  frequently 
used  in  the  application  of  different 
techniques  and  image  processing  methodologies, 
specially  whem  the  objetive  has  been  to 
classify  the  remote  sensing  images  by 
supervised  or  not  supervised  procedures. 

However,  the  spatial  information  has  been 
less  employed  and  the  mayority  of  classifiers 
developed  have  been  exclusively  based  on  the 
application  of  one  pixel  by  pixel  strategy 
that  does  not  take  into  account  the  possible 
relations  or  similarities  that  may  exist 
among  one  pixel  and  their  neighbours. 

The  main  reason  for  not  using  the  spatial 
information  is  that  the  spectral  information 
can  be  easily  analysed  pixel  by  pixel  whereas 


the  use  of  the  spatial  information  normally 
involves  the  simultaneous  consideration  of 
several  pixels  during  all  the  computational 
process. 

The  results  of  correct  classification 
obtained  from  the  classification  of  satellite 
images  by  conventional  methods  can  be 
improved  if  the  spatial  information  is 
considered  jointly  with  the  spectral 
information  in  the  same  strategy  of 
classification  (Swain  a.t  a£,1979). 

2. -  SPATIAL  INFORMATION  AND  CONTEXTUAL 

CLASSIFIERS 

The  spatial  information  contained  ir  the 
satellite  images  can  be  subdivided  into  two 
types:  texture  and  context. 

According  to  Gurney  and  Townshend  (1983) 
texture  refers  to  a  description  of  the 
spatial  variability  of  tones  within  part  of 
a  scene. 

Whereas  texture  refers  to  the  spatial 
variation  within  a  contiguous  group  of  pixels 
the  context  of  a  pixel  (or  a  group  of  pixels) 
refers  to  its  spatial  relationships  with 
pixels  in  the  remainder  of  the  scene.  Thus, 
contextual  classification  of  any  pixel  can, 
pontentially  at  least,  involve  the  use  of  any 
other  pixel  or  group  if  pixels  from  troughout 
the  whole  scene  (Gurney  and  Townshend,  1983) 

We  can  briefly  define  the  contextual 
classifier  as  those  image  classification 
techniques  that  consider  simultaneously  the 
spectral  and  spatial  characteristics  of  the 
images  to  achieve  more  accurate  classlflcatlcn 
results. 

3. -  METHODOLOGY 

One  intuitive  way  of  incorporating  spatial 
information  into  the  classification  strategy 
is  to  hypothesize  that  the  ground  cover  type 
of  given  pixel  is  not  independent  of  the 
ground  cover  types  of  its  neighbouring  pixels 

Is  this  way,  is  more  likely  that  a  wheat 
parcel  grows  in  the  neighbourhood  of  a  barley 
parcel  that  in  the  middle  of  a  high  density 
urban  area. 
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From  a  statistical  classification  standpoint 
we  nay  have  a  better  chance  of  correctly 
classifying  a  given  pixel  if  we  consider  not 
only  the  spectral  data  associates  with  the 
pixel  itself  but  as  well  the  spectral  data 
and  ground  cover  classes  of  its  neighbours. 

The  methodology  adopted  to  accomplish  this 
research  proyect  was  proposed  by  Swain  zt  at, 
(1979)  and  Siegel  e.t  at,  (1980)  and  can  be 
summarized  in  the  following  way: 

The  image  data  to  be  classified  are  assumed 
to  be  a  two  dimensional  I  by  J  array  of 
multivariate  pixels. 

Wi  will  consider  as  the  p-array  the  pixel 
that  must  be  classified  and  the  p-1  neighbour 
pixels. 

In  our  case  p=3  and  when  we  try  to  classify 
the  pixel  (i,j)  we  also  consider  the  pixels 
(ijj-1)  and  (i,j+l).  Associated  with  the  pixel 
at  "row  i"  and  "column  j"  is  the  multivariate 
measurement  n- vector  x.ji  R"  and  the  true 
class  of  the  pixel  „  i 

The  measurements  have  class-conditional 
densities  f(xlu^),  )<=l,2,...,c  and  are  assumed 
to  be  class  *  conditionally  independent. 

When  context  is  ingnored  the  classification 
of  the  pixel  in  the  H,j)  position  depends 
only  on  the  measurement  vector  of  the  pixel 
to  be  classified. 


As  we  want  to  incorporate  some 
neighbourhood  information  in  the  decision 
process,  let  x. .  be  a  p-vector  of  measurement 
vectors  associated  with  pixel  (i,j)  to  be 
classified  and  let  .  be  the  correspondirtg 

p-vector  of  actual  classes. 

As  indicated  by  Siegel  e-t  a£,(1980),  for 
each  pixel,  for  each  class  in  n  a 
discriminant  function  g  is  calculated.  The 
pixel  is  assigned  to  the  class  for  wich  g  is 
greater. 


The  expresion  of  g  for  pixel  (i,j)  being  in 
class  Of,  is; 


where ; 


X  e  X.  .  is  the  measurement  vector  from 

^  the  1th  pixel  in  the  p-array  (for 
pixel  (i,j)) 

e  e  J  is  the  class  of  the  1th  pixel  in 
*  ~  ^  the  p-array  (for  pixel  (l,.j)) 

f(x  le  )  is  the  class-conditional  density 
of  X  given  that  the  1th  pixel  is 
from' class  9^ 

G^(e  )  =  G^(6.  ,9., . . .  ,9  )  is  the  a  puto/it 
— ij  probability  of^  observing  the 

p-array  9^^,  a2  /  •  •  •  /  «p 

G^  is  refered  to  as  the  contex 

distribution  and  can  be  evaluated 
from  a  previous  classification  of 
the  scene 


progreun  CONTEXT  written  in  FORTRAN  lenguage 
and  implemented  in  a  CDC  CYBER  180  computer. 

This  program  was  applied  in  several  pilot 
zones  with  different  agricultural  landscapes 
in  the  Toledo  province  (Central  Spain) ,  The 
pilot  zones  were  previously  classified  using 
a  Landsat-4  MSS  image  and  a  pixel  by  pixel 
supervised  procedure  (GonzAlez  e.t  at,  1988) . 

Figure  1  represents  the  classification 
results  obtained  in  the  pilot  zone  of 
Cazalegas  reservoir  following  a  pixel  by  pixel 
supervised  classification  procedure  Fig.l  A 
and  a  contextual  classifier  Fig.l  B. 

In  order  to  analyze  the  homogeneity  effect 
produced  by  the  contextual  classifier  we  have 
defined  two  indices  to  measure  the 
homogeneity  of  a  zone. 

Diversity  index  ID: 

ID=CD/CP 

where 

CD=number  of  different  combinations  present 
in  image  composed  by  three  pixels. 
CP=theoretical  number  of  possible  different 
combinations . 


In  our  case  as  we  have  13  different  classes 
of  ground  cover  CP=13**3=2J^7. 

Homogeneity  index  IH.  [  G(l,i,i) 

»=1 


IHa 


NP 


where 

G(i,i,i)=number  of  pixels  with  pure  context 
in  each  class. 

NP=  number  of  pixels  in  the  scene. 


Classification 
pixel  by  pixel 

Contextual 

classifier 


ID 

0.1520 

0.0864 


IH 

32.8  % 
47.5  % 


ID=Diversity  Index 
IH=Homogeneity  Index 


Table  1.  Results  for  ID  and  IH  in  the  Cazale¬ 
gas  reservoir  pilot  zone 


From  Table  1  we  can  deduce  that  the 
application  of  the  contextual  classifier 
decreases  the  diversity  (43.15%)  and  increases 
the  homogeneity  (44.81%)  in  the  classification 
obtained. 


Another  way  of  analyzing  the  utility  of  the 
contextual  classifier  is  to  generate  a 
simulated  image  from  the  original 
classification  and  then  classify  this 
simulated  image  following  the  pixel  by  pixel 
and  contextual  classifier  procedures.  After 
calculating  the  percentage  of  coincidence  of 
these  two  classifications  with  the  original 
classification  we  can  evaluate  the  accuracy 
improvement  resulting  from  the  use  of  the 
contextual  classifier. 

In  the  case  of  Cazalegas  reservoir  pilot 
zone  these  percentages  were  48.26  and  50.15 
for  the  pixel  by  pixel,  and  contextual 
classifier  procedures  respectively. 


4.-  APPLICATION  AND  RESULTS 

To  apply  practically  the  methodology 
previously  exposed  we  have  developed  the 


In  this  particular  case  it  seems  that  the 
context  strategy  is  not  very  significant. 
This  is  probably  due  to  the  existing 
interaction  betv;een  the  environment  and  the 
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Fig.l  A  Fig.l  B 

Fig,  1:  Classification  results  obtained  in  the  pilot  zone 


pixel  by  pixel  supervised  classification  procedure 
(fig.l  B) . 


/  CEREALS 

'■M  LEGUMINOUS 
D  OLIVE  TREE  PLANTATIONS 

GREEN  OAK  FORESTS 
PLOUGHED  SOILS 
O  OPEN  GREEN  OAK  FOREST  1 
□  OPEN  GREEN  OAK  FOREST  2 
4^  PINUS  PINEA 

♦  CHESTNUTS 

A  PINUS  PINASTER  PLANTATIONS 
+  CISTUS  SSP 

♦  SHRUBS 

0  RESERVOIRS 

of  Cazalegas  reservoir  following  a 
(fig.l  A)  and  contextual  classifier 


spatial  resolution  of  the  sensor  (80m.  in  this 
case)  is  not  sufficient  to  produce  a  high 
spatial  autocorrelation  in  the  image  that 
allows  to  the  contextual  classifier  to  exploit 
this  circunstance  in  a  suitable  way. 


Another  example  (olive  trees  plantation)  is 
showed  in  Fig, 2 
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Fig. 2:  Classification  results  obtained  in  a 
olive  trees  pilot  zone  following  a 
pixel  by  pixel  supervised  classificatim 
procedure  (fig. 2  A)  and  a  contextual 
classifier  (fig,  2  B) , 


ID 

IH 

Classification 
pixel  by  pixel 

0.0605 

54.0 

Contextual 

classifier 

0.0245 

70.6 

ID=Diversity  Index 
IH=Homogeneity  Index 


Table  2.  Resultr  for  ID  and  IH  in  the  olive 
trees  pilot  zone. 

As  we  can  see  in  Table  2  the  olive  trees 
zone  is  less  diverse  that  the  Cazalegas 
reservoir  pilot  zone.  The  application  of  the 
contextual  classifier  in  the  olive  trees  pilot 
zone  procedure  a  decrease  in  the  ID  index  of 
59.50%  and  an  increase  in  the  IH  index  of 
30,74%. 

After  the  application  of  the  contextual 
classifier  we  must  note  that  the  olive  trees 
zone  is  3.52  times  less  diverse  and  1.48 
times  more  homogeneus  that  the  Cazalegas 
reservoir  pilot  zone,  partly  due  to  the  hitler 
intrinsic  homogeneity  in  the  case  of  the  olivo 
trees  zone. 

The  generation  and  classification  of 
simulated  images  also  was  done  in  tlie  case  of 
the  olive  trees  pilot  zone  and  the  percentage 
of  coincidence  of  the  pixel  by  pixel 
classification  and  contextual  classification 
of  the  simulated  image  with  the  oi'iginal 
classification  were  12.14  and  70.36 
respectively. 

The  previous  results  show,  in  the  first 
place,  the  high  number  of  errors  obtained  in 
the  simulated  image  of  this  zone,  by  the  high 
spectral  similarity  existent  in  the 
classification  of  reference  between  the 
classes  "ploughed  soils"  and  "olive  tree 
plantations".  The  consecuence  of  this 
ci rcunstance  is  that  when  we  make  the 
classification  of  the  simulated  image  by  the 
pixel  by  pixel  procedure,  their  percentage  of 
coincidence  with  the  original  classification 
is  very  small. 

Secondly,  we  can  also  observe  that  in  spite 
of  the  deficient  radiometric  simulation,  the 
classification  results  can  be  substantially 
improved  if  we  use  the  contextual  classifier. 
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In  this  case,  the  percentage  of  coincidence 
was  improved  from  12.14  to  70.36.  In  other 
words,  the  percentage  of  correct 
classification  was  increased  by  58.22  if  we 
use  the  contextual  classifier  versus  the  pixel 
by  pixel  classifier. 


The  previous  considerations  are  showed  in 
Figure  3.  A  possible  explanation  for  these 
results  could  be  that  as  the  surface  of  the 
olive  tree  plantations  is  normally  bigger  than 
the  spatial  resolution  size  of  the  MSS  sensor, 
we  can  expect  the  existence  of  a  high  spatial 
autocorrelation  among  the  different 
neighbouring  pixels  and,  in  these 
circunstances  it  can  be  very  interesting  to 
incorporate  the  context  information  at  the 
classification  strategy. 


Fig. 3  A 
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Fig. 3  B 


5.-  CONCLUSIONS 


The  use  of  contextual  classifiers  produce 
classification  results  more  homogeneous  that 
those  obtained  when  a  pixel  by  pixel 
classification  procedure  are  employed. 

This  fact  was  observed  in  different 
landscapes  of  Central  Spain.  The  adoption  of 
a  strategy  that  considers  in  the 
classification  process  the  spatial  information 
contained  in  the  digital  images,  improves  the 
percentages  of  correct  classification, 
specially  if  the  images  have  a  high  spatial 
autocorrelation  derived  from  the  interaction 
between  the  type  of  lanscape  in  the  image  and 
the  spatial  resolution  of  the  sensor. 


The  use  of  the  contextual  classifier  was 
specially  interesting  for  the  classification 
of  olive  trees  homogeneous  zones. 

The  contextual  classifiers  normally  require 
large  amounts  of  computation  time  and  this 
circunstance  can  be  a  serious  inconvenient 
if  we  try  to  use  them  over  large  areas. 

Finally,  this  kind  of  classifiers  allows 
a  better  description  of  the  context  in  a 
scene  and  can  be  very  useful  for  the 
classification  of  high  resolution  data  as  it 
is  the  case  with  satellite  images  coming  from 
the  TM  and  HRV  sensors. 
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Fig.  3:  Classification  results  obtained  for  a 
simulated  image  of  the  olive  trees 
pilot  zone  following  a  pixel  by  pixel 
supervised  classification  procedure 
(fig.3A)  and  contextual  classifier 
(fig.3B) . 
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ABSTRACT 

This  paper  describes  how  the  SPOT  image  is 
classified  by  spectral  an!  spatial  features  of  small 
regions  (primitive  regions)  with  nearly  constant  color. 
At  first,  the  SPOT  image  is  segmented  into  the 
primitive  regions  using  an  edge-based  segmentation 
technique.  Next,  spectral  and  spatial  properties  such 
as  average  grey  level  in  each  spectral  band  (AL) , 
normalized  vegetation  index  (NVI),  variance  of 
brightness  (VB)  and  form  factor  (F)  are  extracted  for 
each  primitive  region.  Then,  the  statistical  quantities 
for  AL,  NVI,  VB  and  F  are  computed  for  the  classes 
corresponding  to  typical  land  cover  types  in  the  sttdy 
site.  Finally,  all  the  regions  are  classified  by  using 
the  estimated  class  statistics.  Consequently,  it  is 
found  that  the  present  method  yields  better 
classification  results  than  those  obtained  from  the 
classification  using  only  multispectral  features. 

Keywords:  Classification  of  SPOT  Image,  Spectral  and 
Spatial  Feature,  Region  Segmentation,  Color  Edges, 
Primitive  Region. 


1.  INTRODUCTION 

The  statistical  methods  based  on  multispectral 
classifiers  are  still  widely  used  in  the  field  of 
remote  sensing.  However,  in  the  statistical 
classification  analysis  of  high  resolution  satellite 
images  such  as  Landsac  TM  and  SPOT  images,  it  is 
difficult  to  recognize  complex  surface  patterns 
reliably.  This  is  because  spatial  features  that 
characterize  the  desired  objects  and  structures  are  not 
taken  into  account.  In  fact,  the  color  composite  images 
of  such  high  resolution  satellite  data  visually  give  us 
many  details  about  scene  structures.  The  substantial 
improvements  in  classification  performance  of  high 
resolution  satellite  images  will  require  new 
techniques. 

In  this  paper  we  describe  how  the  SPOT  imago  is 
classified  by  spectral  and  spatial  features  of  small 
regions  with  nearly  constant  color.  The  present  method 
is  based  on  the  assun5>tion  that  color  edge  points  are 
very  inportant  features  in  the  analysis  of  the  complex 
natural  scene.  The  color  edge  points  generated  from 
three  spectral  images  separate  the  regions  of  different 
color,  but  there  are  small  gaps  in  edge  points.  In  the 
present  study  the  completely  enclosed  regions  are 
extracted  by  using  isograms  of  equal  distances  from  the 


boundary  points  of  partially  enclosed  regions.  The 
small  enclosed  regions  with  nearly  uniform  color  will 
be  referred  to  as  the  primitive  regions.  Then,  spectral 
and  spatial  features  such  as  the  average  grey  level  in 
each  spectral  band  (AL) ,  normalized  vegetation  index 
(NVI),  variance  of  briglitness  (VB) ,  area  (A)  and  form 
factor  (F)  are  computed  for  the  primitive  regions 
corresponding  to  various  land  cover  types  (rice  field, 
urban  area,  residential  area,  bare  soil  such  as 
playground,  forest,  highway  and  river).  Finally,  all 
the  primitive  regions  are  classified  by  the  spectral 
and  spatial  features  of  primitive  regions  descrit>ed 
above. 

2.  REGION  EXTRACTION  METHOD 

The  region  extraction  methods  using  edge-based 
segmentation  techniques  have  not  tieen  successful 
Isecause  there  are  small  gaps  in  the  extracted  edge 
points.  The  method  used  here  is  a  slight  extension  of 
that  described  in  Ref.l  (Egawa,  1988),  and  is  such  a 
segmentation  method  that  the  regions  are  correctly 
separated,  despite  of  small  gaps  in  edge  points. 

We  use  the  image  of  Fig.l  to  illustrate  the  method 
described  in  the  present  study.  (Fig.l  is  actually  the 
false  color  image  of  SPOT  data  taken  on  Aug.  20,  1986 
in  which  the  XSl  channel  is  assigned  to  Blue,  XS2  to 
Green,  and  XS3  to  Red.)  In  Fig.l,  the  bright  regions  in 
the  central  portion  of  the  image  represent  the  urban 
and  suburban  area.  The  dark  regions  in  the  left-hand 
side  of  the  image  represent  the  agricultural  land.  The 
woodland  is  located  at  the  lower  right  portion. 

2.1  Detection  of  color  edges 

Although  it  is  difficult  to  detect  color  edges  from 
multispectral  images,  we  consider  that  the  color  edges 
appears  at  the  portions  where  the  brightness  steeply 
changes  in  the  image  (Nevatia,  1982).  Therefore,  the 
Sobel  operator  approximated  by  the  absolute-value 
operator  was  applied  to  produce  edge  magnitudes  at 
every  pixel  in  each  spectral  image.  Then,  the  color 
edge  magnitude  M  at  a  pixel  was  defined  a?  follows: 

M=iw(i)xG(i)  (1) 
i=i 

where  w(i)  and  G(i)  are  the  weighting  function  and  the 
edge  magnitude  in  spectral  band  i,  respectively.  For 
simplicity,  we  chose  as  w(i)=l/6. 

After  the  values  of  M  have  been  computed  at  all  the 
pixels  of  the  image,  the  resulting  edge  magnitude  data 
are  thresholded  at  an  appropriate  value  to  produce 
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sharp  ridges.  The  threshold  T  was  selected  at  the 
median  value  between  the  average  color  edge  magnitude 
and  the  color  edge  magnitude  corresponding  to  the 
highest  peak  in  the  histogram  generated  from  all  values 
of  M.  Then,  we  performed  the  following  operation  to 
leave  only  the  real  edge  points. 

If  the  color  edge  magnitude  M  at  a  given  point  (i,j)  is 
greater  than  T,  then  the  magnitudes  of  its  two 
neighbors  are  examined  in  vertical,  horizontal  and  two 
diagonal  directions.  If  M  is  greater  than  each  value  of 
two  neighbors  in  one  or  more  direction  of  the  four, 
that  point  is  determined  to  be  the  real  edge  point,  and 
the  value  1  is  assigned  to  the  corresponding  point  of 
another  array,  EG(i,j).  Otherwise,  the  value  of  0  is 
set  to  EG(i,j) . 

Fig. 2  shows  the  thinned  color  edges.  In  Fig. 2,  the 
isolated  edges  that  consist  of  one  or  two  edge  points 
are  eliminated. 

2.2  Extraction  of  primitive  regions 

The  thinned  edge  points  do  not  form  the  completely 
enclosed  regions  since  there  may  be  small  gaps  in  edge 
points. 

In  the  present  study  we  extract  siriall  enclosed 
regions  in  the  similar  way  that  Harms,  et  al.  (1986) 
have  used  the  distance-  transform  algorithm  (Rosenfeld, 
1976)  for  the  blood  cell  analysis.  The  work  described 
here  differs  from  that  described  in  Ref. 3  (Harms,  1986) 
by  the  method  of  separating  regions. 

The  following  (^rations  were  performed  in  extracting 
primitive  regions  (anall  enclosed  regions)  : 

(1)  In  the  array  EG,  all  edge  points  are  set  to  0  and 
others  to  0,  and  then  each  pixel  is  expanded  to  a  2x2 
pixels  in  order  that  small  regions  are  not  absorbed  to 
the  regions  that  surround  them. 

(2)  Isograms  of  equal  distances  from  edge  points  ate 
constructed,  and  local  isogram  maxima  whose  values  ate 
greater  than  1  are  found.  They  are  regarded  as  the 
nuclei  of  primitive  regions. 

(3)  Each  necleus  is  labelled  and  expanded  to  separate 
the  enclosed  regions. 

After  steps  (1)  through  (3)  have  been  applied  to  every 
point  of  the  array  EG,  the  edge  pixel  is  merged  to  its 
adjacent  egions.  However,  it  is  likely  that  only  the 
edge  points  form  a  new  region  for  the  thin  elongated 
structures  such  as  road  and  small  river.  Therefore,  we 
used  the  color  contrast  between  the  edge  point  and  its 
adjacent  regions  to  determine  the  edge  pixels  to  be 
merged.  The  color  contrast  C  is  defined  as  follow: 

C=  Ell(j)-T(j)l  (2) 

3=1 

where  I(j)  and  T(j)  are  the  grey  level  of  the  edge 
pixel  and  the  average  grey  level  of  its  adjacent 
primitive  region  in  band  j,  respectively.  The  values  of 
C  are  computed  for  all  primitive  regions  that  are 
adjacent  to  an  edge  pixel,  and  the  primitive  region 
with  minimum  contrast  Qnin  is  found.  If  Qnin  is  less 
than  T,  where  T  is  the  threshold  value  described  in  the 
previous  section,  then  the  edge  pixel  is  merged  to  the 
region  with  minimun  contrast. 

The  size  and  number  of  primitive  regions  after 
merging  edge  points  are  summarized  in  Table  1.  We  can 

segmented  image  which  consists  of  262144  pixels.  Fig. 3 
shows  the  final  results  obtained  from  our  region 
extraction  method.  (Actually,  Fig. 3  is  the  color 
composite  image.) 

3.  CLASSIFICATION  OF  SPOT  IMAGE 
3.1  Properties  of  primitive  regions 


We  use  the  spectral  and  spatial  features  of 
primitive  regions  to  classify  all  the  regions  in  SPOT 
image.  The  following  properties  for  each  primitive 
region  were  extracted: 

(A)  Spectral  properties 

a)  average  grey  level  in  each  spectral  band  (AL) 

b)  normalized  vegetation  index  (NVI) 

(B)  Spatial  properties 

c)  area  (nuenber  of  pixels:  A) 

d)  size  (maximum  distance:  D) 

e)  form  factor  (F) 

(C)  Texture  measure 

f)  variance  of  brigtness  (VB) 

The  NVI  is  defined  as  (XS3-XS2)/(XS3+XS2) ,  where  XS2 
and  XS3  are  average  grey  levels  of  a  primitive  region 
in  band  2  and  band  3,  respectively.  D  is  the  maximun 
value  of  isograms  of  equal  distances  in  each  region. 

The  form  factor  F  is  defined  as  h/D**2,  and  becomes 
nearly  equal  to  unity  for  the  square  shape  regions.  For 
elongated  structures  we  have  large  values  of  F. 

Property  f)  is  considered  to  be  the  texture  measure  of 
a  primitive  region  because  VB  provides  the  low  value 
foi  ..emogeneous  regions  and  the  high  value  for  highly 
textured  regions.  Here,  the  brightness  is  defined  as 
the  value  of  second  principal  component,  because  the 
components  of  its  eigenvector  yield  all  the  positive 
values  in  the  principal  component  analysis  of  the 
present  study  site. 

3.2  Classification  method 

The  classification  method  used  here  is  as  follows: 

(1)  The  regions  with  100(1-  )%  confidence  ate 
constructed  in  a  three  dimensional  feature  space  by 
using  the  statistical  quantities  for  values  of  AL  alone 
in  classes  corresponding  to  typical  land  cover  types. 
Since  the  decision  is  made  by  comparing  the  squared 
distances  (Mahalanobis  distances)  to  each  class  center, 
we  can  expect  that  a  sample  point  belongs  to  the  class 
k  if  MD(k)  <  X«(3)f  where  MD(k)  is  the  Mahalanobis 
distance  between  that  point  and  the  center  of  class  k, 
and  Xj(3)  is  a  X?  variate  with  3  degrees  of  freedom. 

In  this  study  P<=0.1  is  used. 

(2)  If  a  sample  point  is  assigned  to  the  overlap 
domains  among  classes,  then  the  values  of  NVI,  VB,  D 
and  F  are  used  to  decide  to  which  class  that  point 
belongs.  In  this  case,  we  also  use  the  class  statistics 
for  NVI,  VB,  D  and  F  to  evaluate  the  Mahalanobis 
distances  from  the  sample  point  to  each  center  of  the 
overlapping  classes.  The  sample  point  is  finally 
assigned  to  the  class  that  minimizes  the  Mahalanobis 
distances. 

It  should  be  noticed  that  the  properties  of  primitive 
regions:  NVI,  VB,  D  and  F  are  used  to  discriminate  the 
regions  with  almost  the  same  spectral  pattern. 

3.3  Classification  results 

A  wide  variety  of  land  cover  types  is  present  in  the 
study  site.  The  legend  of  the  major  land  cover  types 
for  the  image  under  consideration  is  listed  in  Table  2. 

In  order  to  estimate  classification  accuracies,  the 
1180  pixels  were  randomly  selected  from  the  whole  image 
(512x512  pixels  area) .  At  each  of  these  points,  the 
covcjT  v^*po  css  2  VtCss  ^ 

the  interpretation  of  1:25,000  land  use  maps,  aerial 
photographs  and  the  ground  truth  data  provided  by  the 
joint  work  of  Geograj^ical  Survey  Institute  (GSI)  and 
Ishikawa  Research  Laboratory  for  Public  Health  and 
Environment  (IRLPHE)  (Ueno,6t  al,,  1985).  The  560 
points  were  also  selected  from  this  dataset  to  obtain 
the  statistical  quantities  for  each  of  the  classes 
corresponding  to  cover  types  specified  above. 
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To  compare  with  the  results  of  the  multispectral 
pattern  classification  (the  classification  using 
multispectral  dato  of  each  pixel)  and  those  of  the 
region-based  classif iC-ation,  we  classified  the  whole 
image  in  the  study  site  in  terms  of  only  spectral 
values  of  primitive  regions,  i.e.,  the  values  of  AL.  We 
used  a  sin^jle  decision  rule.  In  other  words,  a  sample 
point  of  interest  is  classified  into  the  class  which 
minimizes  the  Mahalanobis  distance  between  the  sample 
point  and  the  class  mean.  The  classification  results 
are  sumnarized  in  Table  3  and  4.  In  Table  3  the 
accuracy  of  the  classification  using  multispectral 
features  of  each  pixel  is  shown,  whereas  the  accuracy 
of  the  classification  using  the  AL-values  of  primitive 
regions  is  listed  in  Table  4.  in  Table  3  and  4,  the 
classification  accuracy  of  a  given  land  cover  type  is 
defined  as  the  ratio  of  the  number  of  pixels 
corresponding  to  the  cover  type  as  classified  on  the 
SPOT  image  to  that  belonging  to  the  cover  type  as 
predetermined  on  the  ground  truth  data.  The 
multispectral  pattern  classification  yields  the 
accuracy  of  82  %  for  all  the  cover  types  listed  in 
Table  3.  On  the  other  hand,  the  classification  using 
spectral  data  of  primitive  regions  yields  the  accuracy 
of  86  %,  an  improvement  over  the  accuracy  of  the 
multispectral  pattern  classification. 

Now,  we  present  the  classification  results  using 
both  spectral  and  spatial  features  of  primitive 
regions.  The  classification  method  described  in  the 
prevous  section  was  applied  to  the  whole  image  in  the 
study  area.  The  results  are  shown  in  Table  5.  The 
classification  yields  the  accuracy  of  89%  for  all  land 
cover  types.  “Ihis  indicates  that  the  classification 
method  using  both  spectral  and  spatial  featues  of 
primitive  regions  significantly  improves  the 
classification  accuracy. 

4.  OOtCLUSIONS 

The  SPOT  image  was  segmented  into  small  regions  with 
nearly  constant  color  using  an  edge-based  segmentation 
technique.  The  segmented  small  regions  were  classified 
by  spectral  and  spatial  features  of  than. 

Consequently,  it  is  found  that  the  classification 
method  significantly  improves  the  accuracy  in 
classification  peformance,  in  conparison  with  the 
results  obtained  fron  the  classification  method  using 
only  multispectral  features. 

Thus,  the  region  segmentation  using  color  edge  points 
can  be  a  powerful  and  effective  aid  to  improve  the 
classification  accuracy. 
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Fig.l  Original  SPOT  image  in  the  study  area 


Fig. 2  Thinned  edge  image 


Fig. 3  Final  results  obtained  fran  the  region 
extraction  processing 
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Table  1  The  size  aiv3  the  ninber  of  primitive 
regions  after  merging  edge  ponits 


Size 

CNunber  of  pixels) 

Kunber  of  prieitive  region 

1  ~  5 

3  2  1  1  (  2  2.  2  96) 

6  ~  1  0 

4  3  4  6  (  3  0  .  0  96) 

1  1  ~  1  5 

2  5  1  1  (  1  7  .  3  96) 

1  6  ~  2  0 

1  3  8  7  (  9  .  6  96) 

2  1  ~  2  5 

8  0  6  (  5  .  6  96) 

2  6  ~  3  0 

5  2  4  (  3  .  6  96) 

3  1  ~  3  5 

3  2  7  (  2  .  3  96) 

3  6  ~  4  0 

2  4  3  (  1  .  7  96) 

4  1  ~  4  5 

1  8  2  (  1  .  3  96) 

4  6  ~ 

9  4  4  (  6  .  5  96) 

Total  nuiber 

1  4  4  8  1 

Table  2  L^end  of  land  cover  types  in  the  study 
site 


class  nuBber 

cover  types 

1 

urban  area 

2 

agiicultural  land  (rice  field) 

3 

residential  area  (thickly  housed  area) 

4 

playground 

5 

forest 

6 

highway 

7 

river 

Table  3  Accuracy (%)  of  classification  using 
multispectral  data  of  each  pixel 


I 

E 

I 

IV 

V 

VI 

VH 

1 

64.8 

0.5 

6.0 

0.5 

0.0 

23.1 

5.0 

2 

0.0 

100.0 

0.0 

0.0 

0.0 

0.0 

0.0 

3 

9.0 

4.1 

72.4 

0.0 

1.1 

10.4 

3.0 

4 

0.0 

0.0 

0.0 

100.0 

0.0 

0.0 

0.0 

5 

0.0 

0.0 

0.0 

0.0 

100.0 

0.0 

0.0 

6 

42.1 

0.0 

16.9 

0.0 

0.0 

40.3 

0.0 

7 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

99.0 

Table  4  Accuracy (%)  of  classification  using 
only  AL-values  of  primitive  regions 


I 

E 

I 

IV 

V 

VI 

VI 

1 

62.4 

0.0 

2.9 

0.8 

0.0 

28.9 

5.0 

2 

0.0 

100.0 

0.0 

0.9 

0.0 

0.0 

0.0 

3 

9.3 

6.0 

61.3 

0.0 

0.0 

11.1 

0.4 

4 

1.3 

0.0 

0.0 

98.1 

0.0 

0.0 

0.0 

5 

0.0 

0.6 

0.6 

0.0 

98.8 

0.0 

0.0 

6 

48.0 

0.0 

1.1 

0.0 

0.0 

44.9 

0.0 

7 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

13.0 

Table  5  Accuracy (%)  of  classification  using 
both  spectral  and  spatial  features 
of  primitive  regions 


In  Table  3,  i  and  5,  No.  1  to  I  represents  the  class  nuaber 
of  the  cover  tyvo  as  detersined  on  the  ground  truth,  and 
No.  I  -  VI  represents  the  class  nimber  of  cover  type  as 
classified  on  the  SPOT  i«age. 


653 


HIGH  RESOLUTION  SATELLITE  IMAGE  TEXTURE 
FOR  MODERATE  RELIEF  TERRAIN  ANALYSIS 


Derek  R.  Peddle  and 


Remote  Sensing  Group 
NORDCO  Limited,  P.O.  Box  8833 
St.  John's,  Newfoundland 
Canada  AIB  3T2 


ABSTRACT 

Spatial  co-occunence  matrices  arc  computed  for  a  SPOT  HRV 
multispectial  image  of  a  moderate  relief  environment  in  eastern 
Canada.  The  texture  features  entropy  and  inverse  difference 
moment  are  used  with  the  spectral  data  in  land-cover 
classification,  and  substantive  increases  in  accuracy  are  noted. 
These  range  from  10%  for  exposed  bedrock  to  over  40%  in 
forest  and  wetland  classes.  The  average  classification  accuracies 
arc  increased  from  51.1%  (spectral  data  alone)  to  86.7% 
(spectral  data  plus  entropy  measured  in  band  2  and  inverse 
difference  moment  in  band  3).  Classes  which  are  homogeneous 
on  the  ground  are  characterized  adequately  by  spectral  tone 
alone:  but  classes  which  contain  distinct  vegetation  patterns  or 
are  strongly  related  to  structure  are  significantly  improved  using 
spectral  texture. 

Keywords:  Spatial  Co-occurrence,  Entropy,  Classification 
INTRODUCTION 

Spectral  response  patterns  can  be  interpreted  for  textural  features 
(e.g.  Haralick  et  al.,  1973;  Irons  and  Petersen,  1981;  Gougeon 
and  Wong,  1987)  which  are  important  in  classification  (e.g. 
Shih  and  Schowengerdt,  1983)  and  image  transformations  (e.g. 
Townshend,  1981).  One  commonly  applied  procedure  uses 
image  gray-level  .spatial  dependency  or  co-occurrence.  TTie 
image  data  are  viewed  as  an  instance  of  a  random  process  and 
parameters  of  that  process  arc  estimated  using  summary  statistics 
such  as  entropy  derived  from  directional  co-occurrence  matrices. 
A  program  (Franklin  and  Peddle,  1987)  to  accomplish  this  has 
been  written  for  application  to  a  wide  range  of  digital  data 
including  elevation  models,  aeromagnetic  survey  data,  digitized 
aerial  photography,  synthetic  aperture  radar  imagery,  and 
satellite  spectral  response  patterns.  In  each  application,  the 
rationale  for  using  image  texture  is  based  on  an  understanding  of 
the  physical  variable  involved;  for  example,  in  processing  a 
DEM  for  texture,  a  variable  that  approximates  terrain  relief  or 
roughness  is  generated  from  elevation  spatial  co-occurrence. 

In  this  paper  we  report  on  a  study  of  SPOT  HRV  multispectral 
image  texture  for  mapping  and  analysis  of  vegetation 
coiiiiiiunitics  in  Gfos  mornc  National  Park.  An  earlier  study 
(Franklin  and  Peddle,  1989)  showed  the  value  of  image  texture 
in  analysis  of  this  area  from  Landsat  MSS  data.  With  SPOT 
imagery,  our  initial  interpretation  was  that  the  spectrai  response 
would  be  more  representative  of  true  ground  conditions  and  less 
a  function  of  a  composite  of  ground  conditions  (see  for  example, 
Connors  et  al.,  1987;  Jones  et  al.,  1988).  The  high  resolution 
image  may  contain  within  class  variability  that  was  suppressed 
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in  the  Landsat  image,  and  also  not  mapped  during  aerial 
photointerpretation.  Texture  feamres  may  resolve  potential  class 
confusions  and  result  in  a  higher  mapping  accuracy  from  SPOT 
imagery.  Another  way  to  consider  this  is  as  follows:  High 
resolution  image  tone  may  be  inherently  more  representative,  but 
should  be  analysed  with  some  reference  to  the  context  in  which 
it  occurs. 

STUDY  AREA  AND  METHODOLOGY 

Tlie  study  area  in  Gros  Morne  National  Park  is  on  the  west  coast 
of  the  island  of  Newfoundland  in  eastern  Canada.  The  area 
contains  boreal  vegetation,  but  in  the  high  elevations  (above  6(X) 
metres  a.s.l.)  some  tundra  and  northern  species  prevail.  The 
maximum  leiief  in  the  subarea  selected  for  this  study  is 
approximately  50  metres.  The  SPOT  image  was  acquired  on  17 
August  1988  with  a  viewing  angle  of  20.24  degrees  west,  solar 
elevation  52.9  degrees,  solar  azimuth  164.7  degrees,  and  is 
cloud-free. 

A  class  structure  derived  primarily  through  aerial 
photointerpretation,  field  work  and  land  systems  analysis  was 
used  to  drive  the  image  analysis.  The  spatial  co-occurrence 
matrices  were  analyzed  for  entropy  and  inverse  difference 
moments  in  four  orientations  in  all  three  SPOT  bands  using  3x3 
and  5x5  windows;  but  these  proved  unstable,  probably  because 
a  texture  measure  on  this  scale  may  be  related  only  to  the  chance 
location  of  the  window  (sec  Townshend,  1981:  p.  79).  A 
21x21  image  window  was  used  corresponding  to  420x420 
metres  on  the  ground;  this  decision  was  based  partly  on  our 
earlier  success  in  mapping  similar  classes  with  texture  from  3x3 
and  5x5  MSS  v/indows  (Franklin  and  Peddle,  1989). 
Discriminant  functions  were  generated  for  each  class  with 
(i)  SPOTHRV  data  alone,  (ii)  texture  alone,  and  (iii)  SP(3T  HRV 
data  plus  entropy  of  band  2  in  the  right  diagonal  orientation  and 
inverse  difference  moment  of  band  3  in  the  left  diagonal 
orientation.  Since  no  indeixndent  test  areas  were  available  in 
support  of  this  analysis,  training  data  were  divided  randomly 
into  two  equal  sets  of  100  pixels  per  class  for  training  and 
testing. 

RESULTS  OF  THE  ANALYSIS 

Table  1  contains  a  summary  of  the  classification  results  derived 
using  the  various  discriminant  functions.  The  overall 
classification  accuracy  using  the  SPOT  HRV  data  alone  was 
51.1%.  The  SPOT  HRV  entropy  and  IDM  measures  together 
were  48.9%  correct  and  a  combined  spectral/textural  data  set 
was  86.7%  correct.  These  results  must  be  interpreted  cautiously 
since  it  is  known  that  classification  accuracies  derived  in  this 
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way  will  overestimate  accuracy.  However,  the  general  trend  is 
clearly  defined  and  readily  interpreted:  overall,  those  classes  that 
are  homogeneous  on  the  ground  are  accurately  characterized 
with  spectral  tone  alone,  but  those  classes  that  are  not  spectrally 
distinct,  that  contain  unique  variability  related  to  vegetation 
patterns  or  are  related  strongly  to  structural  features  such  as 
topography,  are  improved  significantly  using  image  texture. 

For  example,  class  2  (Heath)  which  is  spatially  heterogeneous  is 
poorly  defined  using  spectral  data  alone  (32%).  Texture  alone 
shows  58%  accuracy,  and  the  combination  of  spectral  and 
textural  information  increases  this  to  78%.  Class  3  (Exposed 
Bedrock^  on  the  other  hand,  illustrates  a  spectrally  distinct  class 
that  is  not  textural.  The  spectral  data  alone  yield  71%  acccuracy 
and  texture  features  improve  this  only  an  additional  10%;  texture 
alone  results  are  just  18%  correct.  The  Wetland  class  (class  7) 
shows  the  opposite  effect  where  texture  is  a  poor  discriminator 
alone,  but  together  with  the  spectral  data  shows  a  substantive 
ovendl  increase.  Finally,  class  5  (Deciduous  Forest)  illustrates  a 
textural  class  diat  is  very  accurate  when  analyzed  with  texture 
alone  (95%)  compared  to  spectral  tone  alone  (44%)  or  the 
combined  function  (92%).  This  is  a  relatively  small  class  that 
occurs  in  topographically  unique  conditions  only  at  relatively 
high  elevations  in  this  part  of  the  Park. 

The  final  classification  product  is  shown  in  Figure  1.  This  was 
produced  using  a  maximum  likelihood  technique  on  the  spectral 
and  textural  data  on  an  ARIES-III  system  at  NORDCO  Limited 
(original  plotted  in  colour)  and,  when  compared  to  the  results  of 
aerial  photointerpretadon,  the  field  data  and  the  Park  Biophysical 
Inventory,  is  an  excellent  approximation  of  the  spatial 
arrangement  and  internal  homogeneity  of  die  classes. 

CONCLUSION 

Texture  features  of  high  resolution  satellite  imagery  contain 
information  that  may  be  used  to  increase  land-cover 
classification  accuracy.  In  this  paper,  we  iliustrate  the 
improvements  possible  when  SPOT  HRV  multispectral  imagery 
of  a  moderate  relief,  boreal  terrain  in  eastern  Canada  are 
augmented  with  entropy  and  inverse  difterence  moments  derived 
from  directional  spadal  co-occurrence  matrices  compiled  over 
21x21  pixel  windows  at  original  image  resolution.  The  overall 
improvements  are  significant;  from  51.1%  accuracy  to  86.7% 
accuracy  for  seven  classes  including  the  dominant  vegetation 
communities.  This  study  complements  our  earlier  analysis  of 
tlie  impact  of  spectral  texture  on  Landsat  MSS  classification  of 
this  area,  and  confirms  the  importance  of  image  texture  for 
separation  and  analysis  of  classes  in  this  environment. 
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Table  1:  Classification  Accuracy  by  Class 


Function 

1 

2 

3 

4 

5 

6 

7 

X 

SPOT  Alone 

47 

32 

71 

66 

44 

47 

51 

51.1 

Tex  uirc  Alone 

38 

58 

18 

74 

95 

50 

9 

48.9 

SPOT  and  Texture 

87 

78 

81 

96 

92 

77 

96 

86.7 

Note: 

Classes  1  -  7  are  described  in  figure  1 

SPOT  Alone  =  Bands  1,2,  and  3 

Texture  Alone  =  Entropy  and  Inverse  Difference  Moment 
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ABSTRACT 

The  paper  discusses  the  various  contextual 
reclassification  algorithms  which  have  been 
applied  to  remotely  sensed  data.  These  are 
applirl  to  Landsat  TM  data,  and  compared  in 
terras  of  their  speed  and  their  degree  of 
enhancement.  The  possibilities  of  GIS  for 
designing  fast  and  efficient  per-field 
classification  algorithms  are  examined. 

INTRODUCTION 

One  of  the  most  important  tasks  of 
Geographical  Information  Systems  and  Remote 
Sensing  is  tc  produce  working  maps  as  output. 
Of  necessity,  these  must  be  generalised  from 
the  classified  output  to  be  readily  legible 
at  the  output  scale.  An  added  advantage  of 
this  generalisation  is  that,  particularly  in 
the  case  of  remotely  sensed  data,  the  overall 
accuracy  of  the  final  product  is  often 
enhanced  by  the  removal  of  mis-classified 
areas,  caused  by  noisy  data. 

This  paper  looks  at  Contextual 
reclassification  techniques  based  on 
classified  remotely  sensed  data  and  suggests 
that  the  advent  of  digital  maps  and  GIS  could 
provide  a  simple  and  effective  answer  to  the 
problem  of  designing  a  per-field 
classification  algorithm,  whilst  avoiding  the 
necessity  of  reglonalisation  algorithms. 

CONTEXTUAL  RECLASSIFICATION 

Contextual  reclassification  is  the  process 
whereby  a  pixel's  class  is  modified  according 
to  its  neighbours.  The  simplest  form  of 
contextual  reclassification  is  the  use  of  a 
mode  filter  on  a  classified  image  (Rothery, 
1982).  In  this  case  small  areas  tend  to  be 
replaced  by  the  regionally  dominant  class, 
effectively  removing  the  pixels  which  have 
been  incorrectly  classified  due  to  noise 
and/or  edge  effects  in  the  original  image. 
This  tendency  to  remove  small  areas  results 
in  some  correctly  Massif led  pixels  (those 
representing  smal’  ,reas  on  the  ground)  also 
being  removed;  a  pjtrcess  akin  to  cartographic 
generalisation. 


A  similar,  but  more  specifically  targeted, 
contextual  reclassification  algorithm  is  that 
of  small  area  replacement  (Letts,  1979).  In 
this  method,  contiguous  areas  containing  less 
than  a  specified  threshold  number  of  pixels 
are  'declassified',  and  subsequently 
reclassified  according  to  their  neighbouring 
pixels  (those  still  classified).  This 
reclassification  can  be  on  the  basis  of 
'nearest  classified  neighbour',  or  'modal 
class  of  n  nearest  classified  neighbours'. 

A  variation  on  this  technique  is  to  try  to 
identify  noise  and  boundary  pixels  on  the 
original  imagery.  This  is  achieved  by  first 
passing  a  suitable  edge  detector  over  the 
image  (eg  Roberts,  Sobell  or  Laplacian  high 
pass  filters),  thresholding  this  to  separate 
the  image  into  edges/non-edges ,  declassifying 
the  pixels  identified  as  edges,  then  applying 
one  of  the  above  reclassification  algorithms 
to  the  declassified  image.  The  thresholding 
may  be  done  by  trial  and  error,  or  some 
automatic  solution  can  be  applied. 

Another  technique  is  that  of  Relaxation 
Labelling,  where  the  image  is  reclassified 
according  to  the  probabllites  of  a  pixel  and 
its  neighbours  belonging  to  each  class 
(DiZenzo  et  al,  1987a,  1987b,  Mohn  et  al, 
1987,  Smith  et  al,  1981,  Kittler  and 
Illingworth,  1985).  This  probabilistic 
relaxation  is  an  extension  of  the  maximum 
likelihood  classification  algorithm  to  cover 
a  neighbourhood,  rather  than  single  pixels. 
Because  the  algorithm  is  extremely  slow  to 
implement  for  large  neighbourhoods,  attention 
has  focussed  <■  iterative  implementation  over 
small  neigh):«.i.*  hoods,  best  results  being 
achieved  after  several  iterations. 

To  try  to  overcome  the  time  problems  caused 
by  probabilistic  relaxation,  non- 
probabilistic  methods  have  been  investigated, 
for  example  modifying  the  minimum  distance 
classifier  in  a  similar  manner  to  the  maximum 
likelihood  algorithm  above,  but  classifying 
according  to  distances  to  means,  rather  than 
probabilities.  Another  alternative  is  to  use, 
ranked  classes  for  each  pixel,  since  rank 
order  of  classes  can  be  calculated  rather 
Taster  than  the  actual  probabilities  using  an 
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equation  derived  from  the-  ML  probability 
estimate  (Mather,  1985). 

The  image  can  be  contextually  reclassified 
usJng  Markov  chain  theory  to  model  the 
spatial  autocorrelation  of  the  class  map 
(Kittler  and  Foglein,  1984).  This  is  possible 
using  the  image  itself,  however,  research 
suggests  that  it  is  more  effective  to 
estimate  the  transition  probability  matrix 
from  field  data,  rather  than  the  'noisy* 
classified  image.  This  method  also  has  the 
added  advantage  of  estimating  the  distance 
beyond  which  a  pixel  has  no  influence  on  its 
neighbours  (the  order  of  the  chain).  This 
distance  could  be  used  to  set  the  size  of 
mode  filter  window  to  be  used,  since  the 
process  of  Markov  relaxation  is  rather  slow. 

A  contextual  reclassifier,  bearing  some 
resemblance  to  textural  classifiers,  has  been 
suggested  by  Wharton  (1982).  The  so-called 
CONAN  algorithm  works  by  first  creating  a  new 
'frequency  of  occurrence'  image,  the  bands  of 
whicli  have  values  according  to  each  class' 
frequency  of  occurrence  over  an  n  by  n 
window.  The  classifier  is  then  'retrained', 
using  the  same  areas,  on  this  new  image,  and 
the  classification  rerun  on  this.  The  result 
is  an  extremely  efficient  and  relatively  fast 
contextual  reclassification. 

The  final  contextual  reclassification 
algorithm,  and  the  most  important  in  terms  of 
integration  with  CIS,  is  the  per-field 
classifier.  This  has  long  been  considered 
desirable  (Allan,  1986),  but  the  non-trivial 
task  of  extracting  regions  from  remotely 
sensed  imagery  has  precluded  its  widespread 
use.  The  development  of  digital  mapping  and 
GIS  now  enables  field  boundaries  to  be 
extracted  from  maps,  and  classification  to 
take  place  on  a  field  by  field  basis.  This 
classification  can  either  be  of  a  modal  basis 
(the  field's  modal  class  is  returned  to  every 
pixel  within  the  field),  or  on  a  statistical 
basis  (the  overall  most  probable  class  is 
assigned  to  every  pixel  in  the  field). 

METHODOLOGY 

The  algorithms  used  are  all  well  documented 
in  the  literature  cited,  with  the  exception 
of  Markov  relaxation.  In  order  to  save  space 
the  reader  is  referred  to  these  papers,  and 
only  a  short  explanation  of  the  Markov 
relaxation  procedure  is  given  here: 

Markov  chains  are  a  method  of  modelling 
processes  where  the  next  'event'  or  'state' 
is  dependent  on  the  previous  event  or  state, 
hence  the  terra  chain.  If  'state'  is  replaced 
by  'class',  and  'next  state'  by  'adjacent 
class',  the  relevance  to  contextual 
reclassification  is  evident:  the  chain  can  be 
used  to  determine  the  probabilities  of  each 
class  occurring  adjacent  to  each  other  class. 

These  probabilities  are  represented  by  the 
Transition  Probability  Matrix,  which  can  be 
derived  by  normalising  a  tally  matrix  with 
entries  for  sample  pixels  and  their 
neighbours,  an  example  of  which  is  shown 
below: 
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Multiplying  the  transition  probability  matrix 
by  itself  gives  the  probabilities  of  changes 
from  one  class  to  another  after  two  'moves', 
in  other  words  the  probabilities  for  pixels 
of  one  class  lying  two  pixels  away  from 
pixels  of  another  class.  Continued 
multiplication  gives  probabilities  for  three 
pixels  distance  and  so  on.  Eventually,  at  the 
limits  of  autocorrelation,  the  chain 
'converges',  and  there  is  an  equal 
probability  of  a-iy  class  occurring  at  this 
distance  from  a  pixel.  This  distance  is  the 
order  of  the  chain. 

Once  these  transition  probabilities  have  been 
calculated  it  is  a  simple  (although  slow) 
procedure  to  examine  all  pixels  within  this 
distance  (order  of  the  chain)  from  a  central 
pixel,  sum  the  probabilities  for  each  class 
and  assign  the  central  pixel  to  the  class 
with  the  highest  probability.  This  represents 
a  distance  decaying  contextual 
reclassification  algorithm,  and  initial 
experiments  have  been  very  promising. 

EXPERIMENTAL  PROCEDURE 

Most  of  the  above  enhencements  have  been 
carried  out  on  classified  Landsat  TM  imagery 
of  the  UK  Derbyshire  Peak  District 
(26.04.84),  geometrically  corrected  to  UK 
Ordnance  Survey  map  grid  with  25m  square 
pixels  for  convenience.  Ten  cover  classes 
were  defined  as  broadly  representative  of  the 
area.  The  authors  would  like  to  point  out 
that  the  object  of  the  experiment  was  to 
compare  relative  accuracies  of  the  algorithms 
and  that  the  data  presented  here  should  only 
be  used  for  this  purpose.  For  this  reason, 
accuracies  and  timings  are  given  relative  to 
those  for  the  lowest  raw  classification 
accuracy,  thus  an  accuracy  of  1.4  represents 
1 . 4  times  more  accurate  than  the  box 
classified  image,  and  a  time  of  1.7,  1.7 
times  longer  to  produce  the  classification 
compared  to  this.  All  algorithms  were  run  on 
a  DEC  vax  8650,  timings  being  'charged  CPU 
time'.  Accuracies  were  normalised  from 
contingency  tables  drawn  up  using  different 
data  to  that  used  to  train  the  classifiers. 

RESULTS 

The  table  below  shows  the  relative  speeds  and 
accuracies  of  the  algorithms,  applied  to 
supervised  box  and  maximum  likelihood 
classifiers.  The  timings  for  the  contextual 
enhancements  are  those  for  classifier  plus 
enhancement . 
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Table  1.  Results. 

Algorithm  Normalised  Time 

Accuracy 

Box  classifier 


alone 

1.00 

1.00 

3*3  mode 

1 .04 

3.11 

9*9  mode 

1.07 

3.87 

SAR  4 

1.32 

1.54 

SAR  8 

1.38 

1.54 

Edge 

1.33 

3.47 

CONAN 

1.28 

4.97 

Markov  (a) 

1.37 

58.66 

Markov  (b) 

1.37 

58.66 

Maximum  Likelihood 

alone 

1.39 

48.94 

3*3  mode 

1.43 

51 .05 

9*9  mode 

1.45 

51.80 

SAR  4 

1.40 

49.48 

SAR  8 

1  .40 

49.48 

Edge 

1.39 

51.41 

CONAN 

1.45 

52.91 

Markov  (a) 

1.14 

106.60 

Markov  (b) 

1.46 

106.60 

Explanation: 

SAR  4:  Small 

area  replacement 

containing  less  than  4  pixels  reclassified  by 
nearest  neighbour. 

SAR  8:  Small  area  replacement;  areas 
containing  less  than  8  pixels  reclassified  by 
nearest  neighbour. 

Edge:  Roberts  edge  detector,  automatically 
thresholded  to  Identify  areas  to  declassify. 
Reclassification  by  nearest  neighbour. 

CONAN:  Wharton's  CONAN  algorithm,  Implemented 
over  a  9  by  9  patch. 

Markov  (a):  Markov  relaxation.  Transition 
probability  matrices  calculated  from 
classified  Image. 

Markov  (b) :  Markov  relaxation.  Transition 
probability  matrices  calculated  from  field 
data. 

DISCUSSION 

The  results  should  be  taken  as  generally 
Indicative  of  the  sort  of  accuracy 
Improvements  to  be  expected  from  using  these 
techniques,  and  the  time  penalties  associated 
with  them.  It  should  be  noted,  however,  that 
the  authors  are  not  professional  programmers, 
and  whilst  the  algorithms  operate 
successfully,  the  attention  of  a  professional 
would  undoubtedly  speed  them  up  considerably. 
In  addition  to  this,  the  continued  Increase 
In  computer  speed,  combined  with  decreases  In 
costs  could  well  make  these  time  constraints 
academic  In  future. 

CONCLUSIONS 

Contextual  enhancement  of  classified  remotely 
sensed  data  can  considerably  Improve 
classification  accuracy.  Even  simple 
techniques  such  as  mode  filtering  can  bring 
about  this  Improvement.  To  some  extent  the 
Improvements  gained  are  limited  by  the 
accuracy  of  the  data  used  In  contextual 
enhancement  (a  good  example  being  the 


decrease  In  accuracy  obtained  when  the  Markov 
transition  probability  matrix  was  ostlmated 
from  the  Image  Itself).  The  Increases  In 
accuracy  obtained  by  the  more  complex  methods 
are  only  slightly  higher  than  those  obtained 
by  mode  filtering  and  small  area  replacement. 
This  difference  may  or  may  not  be  regarded  as 
significant,  depending  on  the  work  being 
undertaken  by  an  operator. 

Contextual  enhancement  also  has  the  added 
advantage  of  generalising  output  for  map 
production  at  any  given  scale.  This  will  be 
of  particular  use  In  the  field  of  GIS  where 
such  documents  need  to  be  produced  on  a 
routine  basis.  The  advent  of  GIS  may  also 
enable  practical  per-fleld  classifiers  to  be 
designed  without  the  constraints  of  first 
having  to  perform  non-trlvlal  region 
extraction  from  Imagery. 
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Understanding  the  effects  of  air  pollutants  on  natural  ecosystems  and 
predicting  the  possible  consequences  of  various  levels  of  exposure  is  of  major 
biological  concern.  The  area  in  the  vicinity  of  the  Sulphite  pulp  mill  at  Port  Alice, 
British  Columbia  provides  an  ideal  setting  for  the  examination  of  the  effects  of  SO2 
on  coniferous  forests.  Gaseous  sulfur  dioxide,  when  taken  up  by  the  needles,  results 
in  the  formation  of  bisulfite,  a  highly  toxic  compound  that  effects  the  functioning  of 
the  cell  wall  and  other  cellular  membranes.  The  pulp  mill  at  Port  Alice,  which  has 
been  active  since  1918,  is  located  on  the  eastern  shore  of  Neroutsos  Inlet  on  the 
northern  part  of  Vancouver  Island.  The  forests  in  the  immediate  vicinity  of  the 
mill  show  symptoms  of  chronic  exposure,  including  chlorosis,  a  reduction  in 
photosynthetic  biomass,  mortality  and  a  decrease  in  species  diversity.  While  the 
effects  of  SO2  exposure  on  individual  trees  is  readily  apparent  in  the  immediate 
vicinity  of  the  mill,  the  effect  on  the  surrounding  forests  is  difficult  to  quantify 
using  conventional  forest  inventory  methods.  Reflectance  spectra  and  chlorophyll  a 
and  b  measurements  were  made  a  five  sites,  composed  predominantly  of  western 
hemlock,  along  the  SO2  exposure  gradient.  The  variance  of  all  other  site  variables 
was  minimized.  Trends  were  observed  in  the  reflectance  spectra  that  are  attributable 
to  a  decreased  chlorophyll  content  and  an  increase  in  chloroplast  damage  at  those 
sites  nearer  to  the  pulp  mill.  The  decrease  in  total  chlorophyll  concentration 
resulted  in  a  decrease  in  the  depth  of  the  chlorophyll  absorption  well.  Chloroplast 
damage  resulted  in  a  broadening  of  the  chlorophyll  absorption  feature.  This 
broadening  is  commonly  associated  with  increasing  disorder  of  the  chloroplast 
membranes  and  is  a  result  of  damage  associated  with  exposure  of  the  membranes  to 
bisulfite.  Thus,  it  is  shown  that  data  acquired  using  a  high  spectral  resolution  sensor 
could  be  utilized  to  asses  and  map  the  extent  of  forest  damage. 


661 


IGARSS’89 


LABORATORY  FLUORESCENCE,  REFLECTANCE,  AND  CHLOROPHYLL  MEASUREMENTS 
OF  FOLIAGE  FROM  A  STRESSED  SPRUCE  FOREST 


C.  Bannlnger 


Institute  for  Image  Processing  and  Computer  Graphics 
Vastlangasse  6,  A-8010,  Graz,  Austria 
Tel.  (316)  8021,  Telex  (3)11265,  Telefax  (316)  8021-20 


Chlorophyll  pigments  are  the  means  by  which  a  plant  uses  solar  radiation 
to  convert  carbon  dioxide  and  water  Into  biochemical  compounds  that  are 
essential  to  Its  health  and  vitality.  A  dysfunctlonlng  of  the 
photosynthetic  process  In  response  to  jenvlronmentally  related 
physiological  changes  In  a  plant  generally  result  in  a  reduction  in 
chlorophyll  pigment  content  and  an  associated  Increase  In  plant 
reflectance  and  fluorescence  in  the  visible  to  near-infrared  wavelength 
region.  The  greatest  spectral  changes  occur  at  wavelengths  that 
correspond  to  maximum  pigment  absorptance  and  fluorescence,  and  their 
measurement  could  be  used  to  assess  the  degree  of  physiological  damage  In 
a  plant  and  the  level  of  envlron-mental  stress  present.  This  would 
establish  an  analytical  basis  for  Interpreting  similar  data  acquired  by 
air-  and  spaceborne  sensor  systems  from  vegetation  canopies. 

Laboratory  reflectance  and  fluorescence  measurements  were  made  of  foliage 
samples  collected  from  a  metal-stressed  Norway  spruce  forest  and  their 
chlorophyll-a,  -b,  and  carotenoid  contents  determined.  Forest  soil 
samples  were  also  analysed  as  to  their  mineral  content.  Reflectance 
measurements  were  made  over  the  400  -  900  nm  wavelength  region  at  a 
spectral  sampling  Interval  of  2  nn  and  over  the  400  -  800  nm  region  with 
10  ns  excitation  pulse  widths  bet  /een  337  and  700  nanometres  for  the 
fluorescence  measurements. 

Correlations  are  strongest  between  needle  pigment  content  and 
fluorescence  values  at  740  nm  and  reflectance  values  at  around  675  nm  and 
760  nm,  but  are  much  less  strong  at  440  nm  and  525  nm  for  the  former  and 
550  nm  for  the  latter.  Strong  correlations  were  also  obtained  between 
needle  pigment  contents  and  soil  mineral  content.  Changes  in  the 
position  of  the  reflectance  red  edge  were  ambiguous,  which  is  probably 
due  to  the  stability  of  the  chlorophyll-a  to  chlorophyll-b  ratio  between 
stressed  and  non-stressed  needles.  The  potential  to  measure 
concentrations  and  changes  in  canopy  pigment  (in  particular  chlorophyll) 
concentrations  by  high  resolution  passive  and  active  optical  sensors  is 
good,  but  the  use  of  the  reflectance  red  edge  as  a  indicator  or  measure 
of  canopy  stress  appears  doubtful. 
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ABaniACT 

A  radiative  transfer  model  for  the  bidirectional  reflectance-distribution 
function  (BRDF)  shows  that  snow  is  moderately  anisotropic  in  the  near- 
infrared  wavelengths.  Although  the  directional-hemispherical  albedo  of 
snow  decreases  as  the  grains  become  larger,  the  forward  scattering  also 
increases,  with  the  result  that  the  illumination  and  viewing  geometry  must 
be  considered  when  interpreting  physical  properties  of  the  surface  layer  of 
the  snow  pack  from  remote  sensing  data.  Measurements  of  the  BRDF  and 
the  transmittance  for  a  variety  of  snow  conditions  were  made  throughout  the 
winter  and  spring  seasons  with  a  SE-S90  spectro-radiometer,  for 
wavelengths  from  0.38  to  1.1 1  pm.  Coincident  with  these  the  surface  grain 
properties  were  analyzed  by  stereological  methods.  The  sphere  with  the 
same  surface-to-vo’ume  ratio  as  the  iee  grains  is  used  as  the  equivalent 
sphere. 


We  can  therefore  use  data  at  appropriate  spectral  wavelength  and 
resolution  to  measure  grain  size  and  contaminants  in  the  surface  layer.  The 
reflectance  of  snow  is  modeled  as  a  multiple  scattering  problem,  as  first 
proposed  by  Bohren  and  Barkstrom  [2]  and  reviewed  in  detail  by  Warren 
[I].  The  calculations  of  hemispherically  integrated  albedo  match  measured 
spectra  |3],  but  the  reflectance  measurements  were  seldom  accompanied  by 
rigorous  measurements  of  snow  properties. 

The  scattering  properties  for  an  ice  sphere  of  appropriate  radius  r  can  be 
calculated  by  the  Mie  equations  [4],  the  complex  angular  momentum 
approximation  [5],  or,  for  larger  grains,  by  geometric  optics  [6],  Then  the 
radiative  transfer  equation  [7]  can  be  used  to  calculate  the  multiple 
scattering  and  absorption  of  the  incident  radiation. 


INTRODUCTION 

Our  interest  in  the  spectral  reflectance  and  transmittance  of  snow,  and 
their  relationship  to  the  snow's  physical  properties,  stems  from  two  reasons: 

1.  We  need  to  estimate  the  albedo  of  snow  from  satellite  in  order  to 
estimate  the  net  solar  radiation  flux  at  the  surface,  given  by  the  convolution 
of  the  spectral  distribution  of  the  incoming  radiation  and  the  spectral  albedo. 
The  spectral  albedo  for  direct  and  diffuse  irradiance  can  be  modeled  f'om  a 
knowledge  of  the  snow’s  physical  properties  [1).  However,  from  satellite  or 
aircraft  we  can  measure  only  a  part  of  the  spectral  BRDF  (bidirectional 
reflectance-distribution  function),  at  a  few  wavelengths  and  usually  only  one 
solar-viewing  orientation.  We  therefore  need  to  know  the  spectral  BRDF  of 
snow  as  a  function  of  its  physical  properties.  We  can  use  this  BRDF  as  a 
boundary  condition  in  an  atmospheric  radiation  model,  to  predict  the  at- 
satellite  radiance  as  a  function  of  surface  snow  properties  and  the 
atmospheric  profile. 

2.  Unlike  soil  surfaces,  solar  radiation  in  the  visible  wavelengths  can 
penetrate  tens  of  centimeters  into  the  snowpack.  Infrared  radiation, 
however,  is  emitted  only  from  the  top  millimeter  or  so,  so  infrared  cooling 
occurs  only  from  the  surface.  This  asymmetric  healing  and  cooling  process 
causes  sleep  temperature  gradients  near  the  snow  surface  at  night,  and 
therefore  much  diflerent  metamorphic  rales  than  would  occur  if  the  heating 
and  cooling  were  symmetric.  Moreover,  the  penetration  of  solar  radiation 
can  cause  photochemical  reactions  with  such  contaminants  as  HzOa,  and 
evaluation  of  these  rates  is  important  for  interpretation  of  ice-core  data. 

Optical  properties  of  Snow  and  Ice  from  0.4  to  2.5  pm 

In  visible  wavelengths  ice  is  one  of  the  most  transparent  substances  in 
nature.  For  example,  the  e  -folding  distance,  at  which  transmittance  through 
pure  ikc  is  reduced  lu  c"’,  for  wavelength  X  =  0.46pm  is  24m.  Snow 
reflectance  in  the  visible  wavelengths  is  therefore  sensitive  to  contaminants 
and  to  shallow  depth  and  insensitive  to  grain  size. 

Tlirough  the  near-infrared  wavelengths  ice  is  moderately  to  highly 
absorptive.  The  e -folding  distance  is  Ldcm  at  Xs  1.2pm,  0.34mm  at 
X=  1.6  pm.  Snow  reflectance  in  the  near-infrared  is  therefore  sensitive  to 
grain  size  and  insensitive  to  contaminants. 


L  is  radiance  at  optical  depth  t  in  direction  0.  ^  is  the  azimuth;  0  is  the 
angle  from  zenith,  and  pscosO.  J  is  the  source  function;  it  results  from 
scattering  of  both  direct  and  difliise  radiation  or,  at  thermal  wavelengths, 
emission. 

The  presence  of  liquid  water  in  the  snow  should  not  by  itself  affect  the 
reflectance.  Except  where  meltwater  ponds  in  depressions  when  melting 
snow  overlies  an  impermeable  substrate,  liquid  water  content  in  snow  rarely 
exceeds  5  or  6%.  This  small  amount  of  water  does  not  appreciably  affect  the 
bulk  radiative  transfer  properties,  except  possibly  in  those  wavelength 
regions  where  the  absorption  coefficients  are  appreciably  different.  Instead, 
the  changes  in  reflectance  that  occur  in  melting  snow  result  from  the 
increased  crystal  sizes  and  from  an  effective  size  increase  caused  by  the 
two-  to  four-grain  clusters  that  form  in  wet,  unsaturated  snow  [8,9].  These 
apparently  behave  optically  as  single  grains,  causing  decreased  reflectance 
in  near-infrared  wavelengths.  O’Brien  and  Munis  [3]  observed  the  spectral 
reflectance  of  a  snow  sample  to  be  lower  after  warm  air  had  been  blown  over 
it.  but  that  the  reflectance  did  not  increase  when  the  snow  was  refrozen. 

There  is  no  explicit  dependence  on  density,  at  least  for  the  semi-infinite 
snowpack.  Although  Bergen  [10]  has  proposed  a  semi-empirical 
formulation  with  a  density  term  for  snow  reflectance,  in  practice  the  natural 
increases  in  density  are  usually  accompanied  by  increases  in  grain  size. 

In  our  examination  of  the  spectral  properties  of  snow,  it  is 
computationally  time-consuming  to  calculate  the  angular  distribution  of  the 
reflected  radiation.  But  it  is  comparatively  simple  to  examine  the 
reflectance  integrated  over  all  angles,  and  these  calculations  show  the 
interesting  spectral  properties  '«Ye  therefore  present  two  types  of 
calcuiations: 


1.  Those  that  show  the  angular  dependence  result  from  a  discrete- 
uiiIiiMiu  wiuiion  to  ihc  radiaiivc  transfer  equation  (llj.  Ibe  quanlity 
calculated  is  the  spectral  bidirectional  reflectance  distribution-function 
(BRDF): 


/r.».(|i.« 


(2) 


S\  is  the  parallel  beam  at  the  top  of  the  snowpack,  incident  at  angle 
Mo=cos0o. 
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2.  Calculations  of  fluxes  only,  which  show  the  spectral  features  but  not 
the  angular  ones,  result  from  a  two-stream  solution  to  the  radiative  transfer 
equation  [12],  The  quantity  calculated  is  the  spectral  directional- 
hemispherical  reflectance  (13): 


«r,x(Po)  = 


2k  t 

i  JltiE.(p,<|>)<f4<f(ti 

0  0 _ 

Mo-S*. 


£U 

MoSx 


(3) 


The  transmittance  is  defined  similarly: 


.-m))  = 


(4) 


The  optical  thickness  of  a  snow  layer.  At,  is  a  function  of  the  extinction 
cflicicncy  and  the  snow  water  equivalence  W.  The  snow  water  equivalence 
W  is  the  product  of  mean  snow  density,  pmowi  sod  depth  d.  For  the  optical 
depth  to  be  dimensionless,  W  is  in  kg  m"^  and  r  is  in  meters. 

3WQ^xi  3pinowdQcxi 

AT  =  — - = - - -  (5) 

4  r  Pice  4  r  Pice 

Hew  thick  is  a  "semi-infinite*'  snow  pack,  for  which  the  underlying 
surface  has  no  effect?  For  practical  purposes,  we  define  it  as  a  snow  pack 
whose  directional-hemispherical  reflectance  is  within  1%  of  that  at 
2At  =  oo.  For  a  solar  zenith  angle  of  60”,  Table  1  shows  the  minimum 
vaiues  in  millimeters  of  water  equivalence. 


Table  I.  Snow-Water  Equivalence  (mm)  of  Semi-Infinite  Snow  Pack 


X 

(pm) 

50 

grain  radius  (pm) 

300 

1000 

0.45 

17 

63 

145 

0.7 

10 

37 

80 

0.9 

5 

15 

30 

1.6 

<1 

<I 

1 

Figure  1  shows  the  spectral  reflectance  of  pure,  deep  snow  for  visible 
and  near-infrared  wavelengths  at  illumination  angles  30”  and  60”,  for  snow 
grain  radii  from  SO  to  l,000tim,  representing  the  range  for  the  finest  new 
snow  to  coarse  spring  snow.  Because  ice  is  so  transparent  in  the  visible 
wavelengths,  increasing  the  grain  size  does  not  appreciably  affect  the 
reflectance.  The  probability  that  a  photon  wilt  be  absorbed,  once  it  enters  an 
ice  grain,  is  small,  and  that  probability  is  not  increased  very  much  if  the  ice 
grain  is  larger.  In  the  near-infrared,  however,  ice  is  moderately  absorptive. 
Therefore,  the  reflectance  is  sensitive  to  grain  size,  and  the  sensitivity  is 
greatest  at  t.O  to  1.3  pm. 


TRANSMIITANCE 

Solar  irradiance  is  a  major  contributor  to  the  onset  of  snowmelt, 
particularly  in  alpine  watersheds.  Since  snow  is  a  weakly  absorbing, 
strongly  forward  scattering  medium,  shortwave  energy  can  penetrate  to 
significant  depths  in  the  snowpack.  The  incident  photons  that  do  not  exit 
from  the  snowpack  will  be  absorbed  in  ice  grains  and  converted  to  heat. 
This  radiative  heating  can  be  responsible  for  significant  changes  in  a 
snowpack  over  time.  Because  the  effective  thermal  difliisivity  of  snow  is 
low,  this  heat  energy  will  be  retained  at  depth  in  the  snowpack.  There  is  an 
asymmetry  between  radiative  heating  and  cooling  in  the  snow  profile.  If 
sufficient  radiative  heating  occurs,  it  is  possible  to  have  melt  occurring 
although  surface  air  temperatures  may  not  exceed  0”C. 

When  the  snowpack  transmits  more  radiant  energy  to  greater  depths, 
there  is  less  chance  of  the  photons  being  scattered  back  out  of  the  snow 
surface,  so  the  rate  of  radiative  heating  will  be  higher  at  depths  where  the 
net  flux  is  highest.  Ice  is  strongly  absorbing  in  the  infrared  wavelengths, 
and  these  wavelengths  are  absorbed  near  the  surface.  The  dual  process  of 
radiative  heating  by  transmission  and  absorption  of  visible  wavelengths  in 
the  snowpack  and  radiative  cooling  by  emission  from  the  snow  surface  will 
induce  a  vertical  thermal  gradient  in  the  snowpack.  This  has  important 
consequences  for  snow  gram  metamorphism  such  as  surface  hoar  formation 
and  ice  grain  sintering,  both  of  which  occur  more  rapidly  in  the  presence  of 
a  thermal  gradient  [14,  IS).  Formation  of  surface  hoar  also  requires  a  steep 
thermal  gradient  in  the  upper  portion  of  the  snow  profile  and  is  enhanced  by 
radiative  heating.  Snowpack  optical  properties  arc  influenced  by  this  heating 
process  because  metamorphism  increases  grain  size,  which  in  turn  decreases 
reflectance  in  the  near-infrared  portion  of  the  spectrum  (16). 


Transmission  of  light  into  the  snowpack  is  of  interest  for  reasons  other 
than  hydrologic  and  optical.  Snow  chemistry  is  influenced  by  heating  and 
gram  metamorphism,  as  ions  in  the  ice  grains  move  outwards,  concentrating 
on  ice-grain  surfaces.  Biological  responses  to  changes  in  the  light  regime 
beneath  a  thin  snowpack  would  be  important  particularly  in  tundra 
landscapes. 


Thermal  measurements  in  a  snowpack  m  Antarctica  by  Schlatter  [17] 
showed  highest  temperatures  at  about  10  to  20  cm  below  the  snow  surface, 
indicating  that  radiative  heating  is  an  important  process  in  such  clean,  dry, 
low-density  snowpacks.  Model  calculations  have  shown  that  infrared 
radiative  heating  of  snow  and  ice  on  the  Martian  surface  could  have  been 
responsible  for  generation  of  liquid  water  while  surface  temperatures 
remained  below  freezing  (IS).  Transmittance  and  radiative  heating  are  also 
important  in  creating  a  solid-state  greenhouse  m  icy  regoliths  of  Jupiter's 
satellite,  Europa  (19). 


Using  a  multi-layer  two-stream  radiative  transfer  model,  we  calculated 
the  net  flux  at  levels  within  two  different  layered  snowpacks.  The  spectral 
net  flux  at  a  level  t  in  the  snow  profile  is: 


^nel,X  “ 


IfoS). 


(6) 


Fi  and  Ft  arc  hcmisphcrically  integrated  upward  and  downward  fluxes. 
Layer  characteristics  are  given  m  Table  2,  and  the  net  flux  profile  for  each 
snowpack  is  shown  in  Figure  2. 

Met  Sax  is  a  spectrally  dependent  quantity  which  ha?  been  calciilaicd  by 
summing  over  visible  and  infrared  wavelengths,  from  0.4  to  2.S  pm.  Model 
results  show  that  high-density  layers  increase  absorption,  and  this  cflcct  is 
suongest  at  the  surface. 
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Table  2.  Properties  of  T\vo  Snowpacks  in  Simulation 
Snowpack  Depth  Density  Grain  Radius 

(cm)  (kg/m^)  (mm) 

0-3 

450 

0.5 

A 

4-8 

350 

0.4 

(6-laycrs) 

9-18 

350 

0.35 

19-48 

350 

0.3 

49-78 

250 

0.3 

79-98 

200 

0.3 

B 

0-30 

250 

0.25 

(3-laycrs) 

31-70 

400 

0.4 

71-100 

250 

0.5 

Net  Flux  (Wtn-^) 


0.0 


0.-2 


0.4 

Snow  Depth 


0.8 


1.0 

Figure  2.  Net  Flux  (summed  over  wavelength)  vs.  Depth 

Snowpack  A  (six  layers)  has  a  high-density  layer  at  the  top  3  cm,  and 
this  causes  strong  absorption  near  the  surface.  Net  flux  decreases  more 
slowly  with  depth  for  Snowpack  B  (three  layers),  which  has  a  low-density 
layer  at  the  surface  (0  •  30  cm).  Large  density  diflerences  between  adjacent 
snow  layers  deeper  within  the  snowpack  will  also  affect  light  transmission. 
Net  flux  drops  off  quickly  in  Snowpack  B  as  it  reaches  the  higher  density 
middle  layer.  Effects  on  net  flux  due  to  layer  density  variations  arc  less 
apparent  with  Snowpack  A  since  the  flux  has  been  so  strongly  attenuated  by 
the  top  layer.  Ice  lenses  and  buried  melt-freeze  crusts  would  strongly 
attenuate  the  transmission  of  radiant  energy  and  would  have  a  higher  rate  of 
radiative  heating  than  would  a  low-density,  fine-grained  layer  in  the 
snowpack.  While  albedo  is  not  influenced  by  density  differences,  this  is  an 
important  physical  property  of  the  snow  for  transmittance  calculations  and 
measurement. 


SO  100  200  500  1000 


Using  a  high  spectral  resolution  radiometer,  measurements  were  made  of 
spectral  net  transmittance  through  snow  for  the  visible  and  near-infrared 
wavelengths.  These  measurements  compared  well  with  calculated  values, 
which  showed  peak  transmission  in  the  blue  wavelengths  where  ice  is  most 
transparent,  followed  by  a  rapid  decline  in  transmittance  in  the  red  and 
near-infrared  wavelengths  as  ice  becomes  more  strongly  absorbing.  The 
scattering  properties  of  the  snowpack  were  modeled  by  determining  the 
optically  equivalent  sphere  with  the  same  surface-to-volume  ratio,  as 
measured  by  stcrcology  [20]. 

For  the  visible  wavelengths,  solar  irradiance  penetrates  the  snowpack  to 
depths  greater  than  10  cm.  It  is  this  shortwave  portion  of  the  incident 
irradiance  which  is  responsible  for  radiative  heating  within  the  snowpack. 
Longer  wavelengths  are  absorbed  just  below  the  snow  surface  and  this  heat 
exits  the  snowpack  as  longwave  emitted  energy,  mostly  at  night  thus,  it  is 
not  considered  a  major  cause  of  radiative  heating  of  the  snowpack. 
Calculations  show  that  a  high  density  layer  at  the  surface  causes  a  steep 
decline  in  net  transmittance  with  increasing  depth  as  compared  to  a  low- 
density  surface  layer. 

From  these  modeled  cases  of  net  transmittance  for  snowpack  profiles,  it 
is  clear  that  interlayer  variations  induce  radiative  heating  differences  and, 
over  time,  would  lead  to  increased  statification.  This  would  be  especially 
prevalent  when  absorbing  impurities  have  accumulated  on  the  surface  of 
each  layer,  whieh  subsequently  beeome  buried  under  new  snowfall,  since 
absorbing  impurities  will  decrease  the  transmitted  flux  and  increase 
absorption  (1). 


REFERENCES 

(1)  S.  G.  Warren,  “Optical  properties  of  snow,”  Rev  Geophys.  Space 
Phys.,  voL  20,  no.  1,  pp.  67-89, 1982. 

[2]  C.  F.  Bohren  and  B.  R.  Barkstrom,  “Theory  of  the  optical  properties  of 
snow,”  J.  Geophys.  Res.,  vol.  79,  no.  30,  pp.  4527-4535,  1974. 

(3)  H.  W.  O'Brien  and  R.  W.  Munis,  “Red  and  near-infrared  spectral 
reflectance  of  snow,”  Research  Rep.  332,  18  pp.,  Hanover,  NH:  U.S. 
Army  Cold  Regions  Res.  Engrg.  Lab.,  1975. 

[4]  W.  J.  Wiscombe,  “Improved  Mie  scattering  algorithms,”  Appl.  Optics, 
vol.  19,  no.  9,  pp.  1505-1509, 1980. 

(5)  H.  M.  Nussenzveig  and  W.  J.  Wiscombe,  "Eflicicncy  factors  in  Mie 
scattering,”  Phys.  Rev.  Lett.,  vol.  45,  no.  18,  pp.  1490-1494, 1980. 

[6]  C.  F.  Bohren.  “Multiple  scattering  of  light  and  some  of  its  observable 
consequences,”  Amer.  J.  Phys.,  vol.  55,  no.  6,  pp.  524-533, 1987. 

[7]  S.  Chandrasekhar,  Radiative  Transfer,  393  pp..  New  York:  Dover, 
1960. 

(8)  S.  C.  Colbeck,  “Grain  clusters  in  wet  snow,"  J.  Colioid  Interface  ScL, 
vol.  72.  no.  3.  pp.  371-384,  1979. 

[9j  S.  C.  Colbeck,  “Classification  of  seasonal  snow  cover  crystals,”  Water 
Resour.  Res.,  vol.  22.  no.  9,  pp.  39S-70S.  1986. 

[10]  J.  D.  Bergen,  “Cbservations  on  the  relation  of  the  short-wave 
reflectivity  of  recently  deposited  snow  to  its  physical  properties,”  J. 
Climate  Appl.  Meteorol.,  vol.  22,  pp.  193-200, 1983. 

[11] K.  Stamnes,  S.  C.  Tsay,  W.  Wiscombe.  and  K.  Jayaweera,  “A 
numerically  stable  algorithm  for  discrete-ordinate-method  radiative 
transfer  in  multiple  scattering  and  emitting  layered  media,”  Appl. 
Optics,  1988. 

[12]  W.  E.  Meador  and  W.  R.  Weaver,  “Two-stream  approximations  to 
radiative  transfer  in  ptaneuuy  atmospheres:  a  unified  description  of 
existing  methods  and  a  new  improvement,”  J.  Atmos,  Sci.,  vol.  37,  no. 
3.  pp.  630-643, 1980. 

[13]  F.  E.  Nicodemus,  J.  C.  Richmond,  J.  J.  Hsia,  I.  W.  Ginsberg,  and  T. 
Limperis,  Geometrical  Considerations  and  Nomenclature  for 
Reflectance,  Nall.  Bureau  Stds.  Monogr.  160,  52  pp.,  Washington,  DC: 
O.S.  Dept.  Comm.,  1977. 

[14]  J.  C.  Giddings  and  E.  R.  LaChapelle,  “The  formation  rate  of  depth 
hoar,”  J.  Geophys.  Res.,  vol.  67,  no.  6,  pp.  2377-2383, 1962. 

[15]  S.  C.  Colbeck,  “On  the  micrometcorology  fo  surface  hoar  growth  on 
snow  in  mountainous  area,”  Boundary-Layer  Meteorol.,  vol.  44,  pp.  1- 
12, 1988. 

[16]  J.  Dozier,  “Snow  reflectance  from  Landsat-4  Thematic  Mapper,”  IEEE 
Trans.  Geosci.  Remote  Sens.,  vol.  GE-22,  no.  3,  pp.  323-328, 1984. 

[17]  T.  W.  Schlatter,  "The  local  surface  energy  balance  and  subsurface 
temperature  regime  in  Antarctica,”  J.  Appl.  Meteorol.,  vol.  II,  pp. 
1048-1062. 1972. 

[18]  G.  D.  Clow,  "Generation  of  liquid  water  on  Mars  through  the  melting 
of  a  dusty  snowpack,”  Icarus,  vol.  72,  pp.  95-127, 1987. 

[19]  R.  H.  Brown  and  D.  L.  Matson,  “Thermal  effects  of  insolation 
propagation  into  the  regoliths  of  airless  bodies,”  Icarus,  vol.  72,  pp. 
84-94, 1987. 

[20]  R.  E.  Davis  and  J.  Dozier,  "Stereological  characterization  of  dry  alpine 
snow  for  microwave  remote  sensing,"  Adv.  Space  Res.,  1989.  in  press 


665 


REFLECTANCE  SPECTRA  OF  VEGETATION  GROUIHG  OH  MINE  SITES  IN  THE  CANADIAN  SHIELD 


y.  Singhroy  and  F.  Kenny 


Ontario  Centre  for  Remote  Sensing 
Ministry  of  Natural  Resources 
90  Sheppard  Avenue  East,  iJth  Floor 
North  York,  Ontario,  Canada 
H2N  3A1 


and 

J.  Springer 


Ontario  Geological  Survey 
Ministry  of  Northern  Development  and  Mines 
200  Elm  St.,  Sudbury,  Ontario,  Canada 
P3C  5N3 


ABSTRACT 

Several  studies  have  shown  that  vegetation  which  has 
been  geocheralcally  stressed  nay  respond  with  changes 
in  spectral  reflectance.  These  changes  have  been 
observed  at  the  green  reflectance  peak  (570  nn),  the 
chlorophyll  absorption  maximum  (680  nm),  the  red 
reflectance  edge  (680  -  750  nn)  and  the  Infrared 
reflectance  shoulder  (750  -  1100  nm). 

To  determine  the  effects  of  different  type  and  levels 
of  mineralization  on  vegetation  spectral  response, 
laboratory  measurements  were  conducted  on  vegetation 
samples  from  mineralized  and  non-mlneralized  sites 
within  the  Canadian  Shield.  These  sites  Included  the 
White  Lake  Mine  (Zn,  Cu,  Pb),  the  Atikokan  Fe  Mine, 
the  Whistle  Mine  (Ni,  Cu),  the  Arnprior  Mine  (Zn,  Pb) 
and  the  Natal  mineralized  site  (Zn,  Cr,  Nn,  Co,  Cu, 
Pb,  Nl,  Au).  Wavelength  parameters,  at  570  nm,  680 
nm,  800  nm  and  at  the  point  of  inflection  of  the  red 
edge,  were  calculated  from  350  spectral  curves 
measured  from  both  mineralized  and  background  sites. 


Results  for  the  White  Lake  area  show  extensive 
changes  in  reflectance  spectra  of  the  vegetation  on 
the  mineralized  site,  changes  pronounced  enough  to 
permit  the  remote  detection  of  the  geochemical 
stress.  On  the  other  sites,  the  differences  in 
reflectance  spectra  between  the  vegetation  on 
mineralized  and  background  areas  were  too  slight  to 
be  detected  by  airborne  sensors.  These  findings 
suggest  that  some  surface  mineralization  within  the 
Canadian  Shield  does  not  produce  geochemical  stress 
in  vegetation  to  the  extent  that  remote  detection  is 
feasible. 

KEYWORDS;  spectral  reflectance,  MEIS  II,  geobotany, 
mineral  exploration,  Canadian  Shield 


INTRODUCTION 


Careful  measurements  of  the  spectral  reflectance  of 
leaves  are  required  to  document  the  changes  in 
optical  properties  caused  by  geochemical  stress. 
These  changes  have  been  observed  at  the  green 
reflectance  peak  (570  nm),  the  chlorophyll  absorption 
maximum  (680  nm),  the  red  reflectance  edge  (680-750 
nm),  and  the  infrared  reflectance  shoulder 
(750-1100)  (Singhroy  et  al. ,  1986,  1988;  Horler  et 
^.,  1980,  1983;  Rocket^.,  1988;  Collins  et^., 
1983).  These  findings  provide  an  understanding  of 
the  interaction  of  radiation  with  foliage  for 
effective  use  of  the  data  from  hlgh-resolutlon 
sensors,  such  as  MEIS  II,  FLI  and  AIS.  In  this 
study,  laboratory  spectral  reflectance  measurements 
were  made  to  establish  the  charaoterlstlo  spectral 
response  of  geochemioally-stressed  vegetation  at 
several  abandoned  mine  sites,  as  a  prerequisite  for 
the  remote  detection  of  that  response. 


METHODOLOGY 

The  five  mineralized  sites  reported  in  this  paper 
(Figure  1)  represent  different  bedrock  geological 
settings  and  concentrations  of  heavy  metals  but  are 
relatively  constant  in  the  Quaternary  geology 
setting.  In  all  test  sites  the  surflcal  geology  is 
represented  by  a  relatively  thin  veneer  of 
locally-derived  basal  till  resting  unconformably  on  a 
mineralized  bedrock.  Geochemical  samples  of  bedrock 
and  till  on  both  background  and  mineralized  sites 
were  collected  on  a  10-raetre  grid  system.  Laboratory 
analysis  of  the  base  metal  concentrations  in  these 
samples  was  subsequently  performed. 
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Vegetation  sampling  was  conducted  in  late  August, 
just  prior  to  fall  senescence  (Schwaller  and  Tkack, 
1980  and  Labovitz  et  1983).  Leaves  were  sampled 
from  the  most  abundant  tree  species  at  each  site. 
These  included  jack  pine  (Plnus  banksiana  Lamb), 
white  birch  (Betula  papyrifera).  trembling  aspen 
(Populus  tremuloides)  and  white  pine  (Pinus  strobus 

lTT 

Laboratory  spectral  reflectance  measurements  Involved 
the  use  of  both  the  Barringer  Hand  Held  Ratiolng 
Radiometer  (HHRR)  (Cladwell  et  1983)  and  the 
Spectron  SE  590  spectroradiometer.  The  HHRR  uses  a 
series  of  filters  and  records  reflectance  values  in 
3-nm-wide  bands  centered  at  b50,  680,  703,  713,  793, 
782,  and  800  no.  The  SE  590  records  reflectance 
values  every  2.8  nm  over  a  900  to  1100  nra  range. 
Both  systems  were  mounted  vertically  three  feet  over 
the  targets  to  measure  a  6  cm  by  6  cm  area,  and  the 
light  source  was  oriented  15  degrees  off  nadir  to 
avoid  shadows  and  variable  illumination  on  the 
sample.  The  leaves  were  placed  facing  upward  so  that 
the  entire  30  cm  by  15  cm  black  aluminum  plate  of  the 
radiometer  was  covered.  Three  layers  or  more  of 
deciduous  leaves  were  stacked  to  cover  the  whole 
plate.  In  the  case  of  the  conifers,  the  twigs  were 
stacked  as  high  as  possible,  usually  four  or  five 
layers.  This  stacking  was  done  to  maintain  the 
highest  reflectance  from  the  leaves  in  the  near 
Infrared  portion  of  the  spectrum  (Hoffer  1978). 


SPECTRAL  REFLECTANCE  HEASUREMEHTS  AMD  RESULTS 


White  Lake  Site 

The  White  Lake  area  is  located  in  the  Flin-Flon 
Volcanic  Belt  of  Northern  Manitoba  and  within  the 
Amlsk  group  of  mafic  intrusive  pyroclastic  and 
tuffaceous  volcanic  rocks  (Bailes,  1971).  The  test 
site  itself  consists  of  a  northerly-trending  sulphide 
and  chert-bearing  argillite  bounded  by  a  fine  to 
medium-grained  gabbro  sill.  The  heavy  mineral 
concentrations  on  the  mineralized  site  are  in  excess 
of  900  ppm  Cu,  2000  ppm  Zn,  and  100  ppm  Pb;  whereas, 
the  background  site  contained  concentrations  of  <  200 
ppm  Cu,  <  100  ppm  Zn,  and  <  10  ppm  Pb. 

Both  laboratory  reflectance  measurements  and  an 
airborne  multispectal  survey  were  conducted  at  this 
test  site.  The  reflectance  measuruiients  were 
completed  using  the  Barringer  HHRR.  From  the  four 
tree  species  sampled,  the  results  showed  significant 
differences  in  reflectance  between  the  background  and 
mineralized  sites.  These  changes  were  observed  at 
the  chlorophyll  absorption  zone  (680  nra),  in  the 
apparent  position  of  the  red  edge  (680  to  733  nm), 
and  in  magnitude  changes  at  the  infrared  shoulder 
reflectance  (780-800  nm).  Figure  2  shows  average 
reflectance  spectra  for  jack  pine  needles  along  with 
standard  error  bars  (confidence  interval  =  95J)  and 
significant  bandpass  for  remote  detection  of 
geocheraically  stressed  vegetation. 

Airborne  narrow-band  (lO-nm),  high -resolution  (5-ra) 
MEIS  II  imagery  (Till  et^.,  1989),  processed  by 
combining  band  ratios  and  principal  component 
techniques,  were  successfully  used  to  detect  the 
geochemlcally-stressed  vegetation  at  the  White  Lake 
site  (Figure  2A). 


Atlkokan  Iron  Mine 

The  Atikokan  site  (Figure  1)  is  situated  within  the 
Quetico  Greenstone  Belt.  Geochemical  values  of  basal 
till  in  this  area  have  concentrations  of  over  5il  Fe, 

\%  Mg,  500  ppm  Hn,  and  100  ppm  Zn. 

Laboratory  spectral  reflectance  measurements  of 
sampled  leaves  were  made  with  a  SE  590 
spectroradiometer.  The  results,  summarized  in  Table 
I,  showed  only  minor  differences  in  spectral 
reflectance  between  samples  from  the  background  and 
the  mineralized  sites  (Figures  3  and  9).  As  the 
spectral  reflectance  measurements  were  so  subtle,  no 
airborne  multispectral  data  was  flown  for  this  site. 


Arnprior  Site  (Kingdom  Mine) 

The  Kingdom  Mine  was  a  former  lead,  zinc  and  barium 
producer.  The  ore  was  found  in 
Mlssisslppi-Valley-type,  open-space-filling  veins, 
which  had  cuts  through  both  the  Precambrian  basement 
and  overlying  Paleozoic  rocks.  Mineralization  found 
in  these  veins  included  sphalerite,  galena,  fluorite, 
barite,  and  pyrite.  Average  geochemical  values  over 
the  mineralized  test  site  consisted  of  106  ppm  Zn, 
1,990  ppm  Pb,  130  ppm  Ba  and  190  ppm  FI.  Tlie 
background  site  had  values  of  11  ppm  Zn,  <  10  ppm  Pb, 
and  130  ppm  Ba. 

The  laboratory  spectral  reflectance  measurements 
showed  no  significant  shifts  in  the  red  edge  (Table 
I).  White  birch  and  trembling  aspens,  however, 
showed  narked  increases  in  the  Infrared  plateau. 
Enhancements  of  airborne  multispectral  data  (MEIS  II 
and  FLI)  acquired  over  this  site  confirmed  the  higher 
reflectance  readings  from  trembling  aspen  and  white 
birch. 


Whistle  Mine 

The  Whistle  Mine  is  a  massive  sulphide  deposit  at  the 
northeastern  rim  of  the  Sudbury  basin.  It  Is  a 
producing  open-pit  mine.  Till  and  rock  samples  were 
taken  immediately  above  the  ore  zone. 

Spectral  reflectance  measurements  from  white  pine 
and  white  birch  showed  minor  evidence  of  changes  in 
reflectance  between  samples  taken  from  background  and 
mineralized  sites  (Table  I  and  Figures  3  end  9).  As 
a  result,  no  airborne  flights  were  conducted. 


Natal  Lake 

The  Natal  Lake  site  (Figure  1),  located  in  the 
southwestern  part  of  the  Abitibi 
metavolcanic-metasedimentary  belt,  had  a  high 
concentration  of  sulfide  minerals.  The  Precambrian 
geology,  as  described  by  Carter  (1976),  consists  of  a 
mafic  to  felsio  metavolcanic  suite  together  with 
ultramafic  and  minor  Intrusive  felslc  rooks.  Intruded 
by  diabase  dikes. 

Geochemical  assays  for  the  mineralized  area  produced 
the  following  results:  >  300  ppm  Zn,  >  900  ppm  Cr 
and  >  500  ppm  Ni.  At  the  background  sites,  the  assay 
values  were  in  the  range  of  <  100  ppm  NI,  «.  200  ppm 
Cr  and  <  110  ppm  Zn. 
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Results  of  the  SB  590  laboratory  measureoents  show  no 
evidence  of  geochemical  stress  in  the  coniferous 
species  at  the  Natal  Lake  site  (Table  I  and  Figure 
3).  Trembling  aspen,  however,  showed  a  slight 
Increase  in  reflectance  at  the  570  nm  and  the  800  nm 
regions  (Table  1).  As  expected,  these  minor  changes 
were  not  detected  from  airborne  MEIS  II  data. 


cowausioMS 

Spectral  reflectance  measurements  from  these  sites  in 
the  Canadian  Shield  revealed  only  small  changes 
between  mineralized  and  background  sites.  This 
finding  suggests  that  the  vegetation  is  not  heavily 
stressed  over  these  sites,  despite  relatively  high 
geochemical  values  In  the  soil.  Airborne  detection 
of  changes  from  geochemical  stress  Is,  therefore, 
difficult.  In  the  case  of  the  White  Lake  mine,  where 

changes  were  significant,  detection  by 
hlgh-resolutlon  airborne  sensors  was  possible. 
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M  -  MintrsMzcd  S1t« 

6  -  Background  Sito 

1.  a  of  samplas  -  th«  numbar  of  samplas  In  averages 

2.  Ref  •  local  Max  -’Reflectance  (%)  at  local  maximum  near  570  nm 

3.  ^  •  local  Max  *  Wavelength  (nm)  at  local  maximum  near  570  nm 

4.  Ref  #  local  Mtn  *  Reflectance  (k)  at  local  minimum  near  680  nm 

5.  ^  •  local  Min  -  Wavelength  (nm)  at  local  minimum  near  6B0  nm 

6.  •  Point  of  Inflection  -  Wavelength  (nm)  at  the  Point  of  Inflection  on  the  Red  edge 

7.  Ref  of  Shoulder  -  Reflectance  (X)  at  800  nm 

6.  Shape  Parameter  >  Wavelength  at  the  Point  of  Inflection  minus  the  Mavelength  at  the  local  Minimum 

*  For  the  White  Lake  Site  1977  a  Barringer  Radiometer  with  10  filters  ess  used  (650»  680.  685.  703,  713,  733.  743.  753, 
782  and  600  nm) ,  therefore  the  accuracy  of  locating  the  key  shape  parameters  Is  not  as  accurate  as  using  with  the 
oth« r  sites  where  a  spectrer  radiometer  was  used  that  records  reflectance  every  2.6  nm. 
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M  Mineralized  Site 
B  '  Background  Site 

1.  t  of  samples  -  the  number  of  samples  In  averages 

2.  Ref  e  local  Max  ’Reflectance  (%)  at  local  maximum  near  570  nm 

3.  >s  #  local  Max  ’  Wavelength  (nn)  at  local  maximum  near  570  nm 

4.  Ref  M  local  Min  -  Reflectance  (%)  at  local  minimum  near  660  nm 

5.  ^  a  local  Min  -  Wavelength  (nm)  at  local  minimum  near  660  nm 

6.  a  Point  of  Inflection  ’  Wavelength  (nm)  at  the  Point  of  Inflection  on  the  Red  edge 

7.  Ref  of  Shoulder  ’  Reflectance  (%)  at  600  nm 

8.  Shape  Parameter  -  Wavelength  at  the  Point  of  Inflection  minus  the  wavelength  at  the  local  Minimum 

*  for  the  White  Lake  Site  1977  a  Barringer  Radiometer  with  10  filters  was  used  (650,  680,  685,  703,  713,  733,  743,  753, 
782  and  800  nm) .  therefore  the  accuracy  of  locating  the  key  shape  parameters  is  not  as  accurate  as  using  with  the 
other  sites  where  a  spectrer  radiometer  was  used  that  records  reflectance  every  2.8  nm. 
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ABSTRACT 

Spectral  bidirectional  reflectances  were 
measured  over  three  natural  soil  sites  using 
a  specially  designed  radiometer  called  the 
PARABOLA.  Two  of  the  sites  were  bare  soils 
and  the  third  had  a  sparse  cover  of  desert 
scrub.  The  reflectances  were  strongly  non- 
Lambertian  for  all  three  surfaces  but  with 
markedly  different  patterns.  The  measured 
data  were  fitted  with  a  quasi-physical 
reflectance  model  in  which  the  surface  back- 
scattering  and  forwardscattering  are 
separately  formulated.  A  soil  reflectance 
characterization  was  obtained  by  assessing  the 
contributions  of  the  forward,  backward  and 
Lambertian  components.  This  three-parameter 
characterization  produced  a  satisfactory  fit 
to  the  measured  reflectances,  and  appears 
promising  to  provide  a  basis  for  soils 
categorization. 

KEYWORDS:  bidirectional  reflectance, 
modeling,  anisotropy,  soil 


INTRODUCTION 

A  unique  two-axis  scanning-head  field 
radiometer,  called  the  PARABOLA  (Deering  and 
Leone,  1986),  has  been  used  to  measure  the 
directional  incoming  and  outgoing  spectral 
radiances  for  a  variety  of  earth  surface 
types.  Our  study  involves  characterizing  the 
bidirectional  reflectances  for  three 
relatively  simple  surface  types:  two  bare 

soils  and  a  third  surface  with  soil  similar  to 
one  of  the  bare  soils  but  with  a  sparse  plant 
canopy.  We  then  express  the  bidirectional 
reflectance  patterns  in  terms  of  three  soil 
reflectance  components  from  inversion  of  a 
quasi-physical  model.  The  goal  herein  is  1) 
to  evaluate  and  characterize  the  nature  of  the 
bidir^ctionsl  rsflsctancs  vsris.icns  2nd  2) 
develop  an  approach  to  simple  radiometric 
surface  categorization  for  soils,  both  bare 
and  with  sparse  vegetation. 

SITE  CHARACTERISTICS  AND  FIELD  INSTRUMENTATION 

The  two  bare  soil  surfaces  studied  are  a 
naturally  occurring  dune  sand  and  an  alkali 


flat  in  the  White  Sands  desert  (<250  mm  annual 
precipitation)  of  New  Mexico.  A  dune  sand 
flat,  whose  surface  is  composed  of  sand-sized, 
nearly  pure  gypsum  (hydrous  calcium  sulfate) 
crystals  and  is  characterized  by  uniform  rip¬ 
ples  formed  by  wind  action,  was  selected  for 
the  measurements  (Fig.  la  and  lb) .  These 
ripples  are,  in  effect,  transverse  "micro¬ 
dunes",  which  averaged  approximately  10  cm 
from  crest  to  crest  and  approximately  1-2  cm 
from  crest  to  trough. 

The  alkali  flat  examined  occurs  within  a 
vast  non-vegetated  expanse  (32  )cm  long)  of  the 
Tularosa  Basin  along  the  predominantly  wind¬ 
ward  side  of  the  White  Sands  dune  formation. 
The  alkali  (or  gypsum)  flat's  surface  micro- 
topography  is  coarse-textured  and  is  composed 
of  a  stabilized  crust  with  patches  of  a  darker 
coloration. 

The  third  surface  type  is  a  low-scrub 
community  that  lies  within  a  semidesert  grass¬ 
land  area  in  Ward  County  in  west  Texas  (Fig. 
Ic) .  With  a  long  history  of  overgrazing,  the 
vegetation  cover  consisted  primarily  of  scat¬ 
tered  clumps  of  a  low  growing  Rough  Coldenia 
subshrub  species  (Coldenia  hispidissima)  mixed 
with  several  other  scrub  species  and  grasses 
of  a  similar  stature.  The  10-15  cm  tall, 
grayish-woody  shrub  had  some  green  leaves  and 
the  vegetative  clumps  occupied  less  than  15 
percent  of  the  surface  area. 

The  lortable  Jkpparatus  for  lapid  Requisi¬ 
tion  of  Bidirectional  observations  of  the  land 
and  Atmosphere,  or  PARABOLA  instrument  has 
been  described  in  detail  by  Deering  and  Leone 
(1986) .  The  PARABOLA  is  a  battery-powered, 
two-axis  scanning  head  three-channel  (0.650- 
0.670,  0.810-0.840,  and  1.620-1.690  pm, 
respectively) ,  motor-driven  radiometer  that 
enables  the  acquisition  of  radiance  data  for 
almost  the  complete  (4m)  sky-  and  ground¬ 
looking  hemispheres  in  15°  instantaneous  field- 
of-view  (IFOV)  sectors  in  only  11  s.  The 
instrument  was  operated  at  4.5  m  above  the 
ground  surface. 

THE  SURFACE  BIDIRECTIONAL  REFLECTANCE  MODEL 

The  bidirectional  reflectance  model  specifies 
separately  the  contribution  of  the  soil  and 
from  the  plants.  The  reflectance  of  bare 
soil,  R,,  is  given  as; 
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R,  =  (i-f) 


r(sinz  -  zcosz)  +  tt  (z-»r)cos(z-jr) 


4(coteo  +  cotev) 


sin(z-7r)  ] 
- +  fro  (1) 


where  z  is  the  azimuth  with  respect  to  the 
solar  principal  plane  (z  =  0  corresponds  to 
forwardscattering  in  the  principal  plane) ,  Qo 
is  the  solar  zenith  angle  and  is  the  view 
zenith  angle.  The  model  is  quasi-physical,  as 
it  describes  a  surface  consisting  of  a  Lamber¬ 
tian  fraction,  f,  with  reflectance  and  a 


soil  sites  examined;  a)  alkali  flat,  b) 
dune  sand  flat  and  c)  desert  scrub  site. 


fraction  1-f  of  randomly-located  vertical 
facets  with  facet-reflectance  r  and  facet 
transmittance  t.  The  reflection  from  such 
facets  is  equivalent  to  that  from  thin 
vertical  cylinders,  as  described  by  Otterman 
and  Weiss  (1984).  The  facet  reflectance,  is 


predominant  in  backscattering,  .  while  the 
transmittance  is  predominant  in 
f orwardscattering .  R,  represents  the  reflec¬ 
tion  from  the  soil  unobscured  by  plants.  The 
soil  characterization  is  by  three  components; 
fr„,  (l-f)r  and  (l-f)t. 

The  contribution  of  the  plants  is 
described  by  the  same  model  of  vertical 
or  randomlv  oriented  facets 


Rp  = 


rp(sinz  -  zcosz) 
4(coteo  +  cotev) 


(2) 


where  r.  is  the  plant  material  reflectance. 
This  model  (Otterman  and  Weiss,  1984)  was 
based  on  observations  of  desert-scrub 
vegetation  in  the  Sinai  (Otterman,  1981) .  The 
above  expression  for  Rp  represents  a  dense 
field  of  vertical  cylinders.  For  a  finite 
density,  given  by  projection  s  of  cylinders 
per  unit  area  on  a  vertical  plane,  the 

contribution  is  multiplied  by  1  -  exp[-s('l^n0v 
+  tan  So)  ]  •  effects  of  soil  obscuration 
and  soil  shadowing  by  the  plants  are  expressed 
by  exp[-s(tanev  +  tan  ©o) )  •  The  combined 
reflectance  R^  of  plants/ soil  is  thus: 


R,  =  R,{exp[-s(tanev  +  tanSo)  ] ) 

+  Rp{l  -  exp[-s(tanev  +  tan  S^)  ] 


(3) 


RESULTS 

Reflectance  Measurements 

The  measured  bidirectional  reflectances 
are  presented  in  Figure  2.  The  patterns  are 
quite  different  for  the  three  soil  surfaces, 
with  the  backscattering  predominant  for  the 
alkali  flat  and  for  the  desert  scrub,  but 
forwardscattering  is  dominant  for  the  dune 
sand  flat.  There  is  considerable  solar  zenith 
angle  dependence  for  the  dune  flat  in  the 
forwardscatter  direction.  For  the  desert 
scrub  the  solar  zenith  angle  dependence  is 
especially  pronounced  in  the  backscatter 
direction  at  large  viewing  zenith  angles. 
Because  the  measurements  at  the  White  Sands 
were  made  in  November,  the  range  of  solar 
zenith  angles  available  was  quite  limited; 
theoretically,  from  90°  up  to  a  solar  noon 
position  of  about  52°.  Measurements  at  the 
Texas  site  on  September  14,  however,  were 
possible  up  to  29°. 

The  near-infrared  (0.826  fm)  reflectances 
(not  presented  here)  followed,  for  all  three 
surface  types,  very  similar  patterns  of  an¬ 
isotropy  to  those  in  the  red  band,  with  typi¬ 
cally  5-10%  higher  (absolute)  values  than  the 

JLtsu  v  ^ 

(1.658  pm)  reflectances,  on  the  other  hand,, 
were  generally  10-20%  lower  (absolute)  and 
exhibited  somewhat  stronger  anisotropy  than 
the  red  band. 

Model  Results 

The  quasi-physical  bidirectional  reflec¬ 
tance  model  specifies  separately  the  contribu- 
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Figure  2.  Red  spectral  band  ( 0.662/1111)  re¬ 
flectances  in  the  solar  principal  plane  at 
several  solar  zeniths  for  the  alkali  flat 
(a) ,  dune  sand  flat  (b) ,  and  the  desert  scrub 
(c)  surfaces.  Negative  view  angles  are 
f orwardscatter . 


tion  from  the  soil  and  from  the  plants.  The 
enhanced  anisotropy  (both  forwardscattering 
and  backscattering)  at  large  solar  zenith 
angles  that  we  observed  is  appropriately 
described  by  our  model  by  cot  9^  that  appears 
in  the  denominator.  The  parameter  values 
presented  in  Table  1  quantify  the  essential 
differences  between  the  three  surface  types  in 
terms  of  the  Lambertian,  backscatter,  and. 


f orwardscatter  model  components.  The  Lamber¬ 
tian  component  values  for  the  alkali  flat, 
dune  sand  and  desert  scrub  surfaces  remain 
essentially  unchanged  with  solar  zenith  angles 

Table  1.  Model  inversion  for  each  of  the 
three  soil  surfaces  made  with  approximately 
55  observations  from  all  view  zenith  angles 
<70°  on  one  side  of  the  solar  principal 
plane,  including  the  solar  principal  plane. 


9° 

fr. 

(l-f)r 

(1-flt 

DUNE  SAND 

FLAT 

69° 

0.62 

0.14 

0.32 

54° 

0.64 

0.09 

0.19 

ALKALI  FLAT 

69° 

0.41 

0.26 

0.09 

55° 

0.44 

0.30 

0.05 

DESERT  SCRUB 

72° 

0.29 

0.62 

0.06 

46° 

0.31 

0.59 

0.00 

and  typify  the  general  magnitude  of  the  re¬ 
flectances  at  nadir.  Thus,  at  the  higher  sun 
elevation  examined  the  dune  sand  had  the 
highest  value  at  0.64,  the  alkali  flat  was 
somewhat  less  at  0.44  and  the  desert  scrub  was 
the  lowest  at  0.31.  The  consistency  of  these 
three  parameter  values  over  a  wide  range  of 
solar  zenith  angles  is  illustrated  for  the 
desert  scnib  type  in  Table  2  for  both  the  red 
and  near-infrared  spectral  bands. 

The  ratio  of  the  backscattering  component 
to  the  forwardscattering  component  is  one  in¬ 
dicator  of  the  anisotropy.  For  the  desert 
scrub  the  backscatter  was  larger  tt/an  the 
forwardscatter  by  at  least  a  factor  of  ten 


Table  IZ.  Model  inversion  for  the  desert 
scnib  surface  over  a  wide  range  of  solar 
zenith  angles  for  the  red  and  near-infrared 
spectral  bands. 


e° 

fr,  (l-f)r 

(l-f)t 

& 

0.662  //m 
29.9° 

(RED) 

.31  .56 

.00 

.155 

46.0° 

.31  .59 

.00 

.135 

61.0° 

.29  .62 

.04 

.125 

72.0° 

.29  .62 

.06 

.120 

0.826  /im 
29.9° 

(NEAR-IR) 

.38  .55 

.04 

.125 

46.0° 

.39  .62 

.02 

.125 

61.0° 

.37  .60 

.02 

.100 

72.0° 

.33  .54 

.04 

.070 

over  the  wide  range  of  solar  zeniths  examined. 
The  alkali  flat  ratio  was  lower  and  varied 
with  solar  zenith  angle;  with  ratio  factors  of 
2.8  and  6.6  for  69°  and  55°,  respectively.  The 
same  ratio  for  the  dune  sand,  with  its  strong 
specular  reflectance,  resulted  in  fractional 
ratio  values  of  0.43  and  0.47  (69°  and  54  , 
respectively) ;  and  thus  was  much  less 
dependent  on  solar  zenith  angle.  Red  and 
near-infrared  spectral  bands  yielded  similar 
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Figure  3.  Measured  and  nodeled  bidirection- 
a'.  spectral  reflectances  at  0.662  /im  for  the 
a)  alkali  flat,  b)  dune  sand  and  c)  desert 
scrub  surfaces  for  the  nominal  50°  solar 
zenith  angle. 


ratio  values,  although  the  Lambertian 
component  was  more  variable  with  solar  zenith 
angle  for  the  near-infrared  than  for  the  red 
spectral  band. 

The  correspondence  of  model-derived 
values  of  red  spectral  band  bidirectional 
reflectance  factors  to  measured  values  is 
presented  for  the  solar  principal  plane  in 
Figure  3.  The  curves  compare  very  well  for 
the  dune  sand  and  desert  scrub  surfaces,  but 
show  an  appreciable  deviation  from  the  alkali 


flat  at  the  nadir  and  near-nadir  forwardscat- 
ter  viewing  directions.  With  the  considerable 
variety  of  curve  shapes,  the  comparability  is 
quite  encouraging.  Our  model  appears  to 
provide  a  simple  and  very  useful  descriptive 
tool  for  directional  reflectance  analysis. 


DISCUSSION  AND  CONCLUSIONS 

The  measured  reflectances  represented  in 
our  field  program  showed  very  strong  non-Lam- 
bertian  characteristics.  The  patterns  of 
directional  reflectance  were  sharply  different 
for  the  two  bare  soils.  The  presence  of 
I  sparsely  placed  plants  on  a  relatively  smooth 
soil  also  exhibits  strong  anisotropy,  with 
plant  shadowing  affecting  the  anisotropy  in  a 
special  way  —  reducing  the  reflectance  at 
large  view  zenith  angles.  For  the  desert 

scrub  alkali  soil  site  the  ratio  of  the  back- 
scattering  component  to  the  forwardscattering 
component  was  larger  by  at  least  a  factor  of 
ten.  The  alkali  flat  ratio  was  somewhat  lower 
and  depended  on  solar  zenith  angle.  The  same 
ratio  for  the  dune  sand,  with  its  strong 
specular  reflectance,  was  close  to  0.5  and  was 
only  slightly  dependent  on  solar  zenith  angle. 
Red  and  near-infrared  spectral  bands  yielded 
similar  ratio  values,  although  the  Lambertian 
component  was  more  variable  with  solar  zenith 
angle  for  the  near-infrared  than  for  the  red 
spectral  band. 

Kith  only  three  surface  parameters,  the 
model  inversion  provides  a  satisfactory  des¬ 
cription  of  the  surface  spectral  reflectance 
characteristics.  The  only  significant  depar¬ 
tures  from  the  modeled  and  the  measured 
reflectances  occurred  in  the  vicinity  of  the 
nadir  direction.  Therefore,  specifying  the 
three  anisotropy  components  (back  scattering, 
forwardscattering,  and  Lambertian) ,  appears  to 
be  a  suitable  approach  to  the  characterization 
of  soil  type  from  the  point  of  view  of 
bidirectional  reflectance  patterns.  Some 
refinement  of  the  model  might  be  appropriate, 
and  additional  bare  soil  and  sparsely-covered 
soil  surface  measurements  will  be  made  to 
further  develop  and  validate  this  approach. 

One  important  value  of  the  model  is  that 
relatively  minor  changes  in  this  quantitative 
characterization  occur  when  the  solar  zenith 
angle  changes.  It  is  anticipated  that  based 
on  this  characterization  useful  but  simple 
radiometric  surface  categorization  for  soils, 
both  bare  and  with  sparse  vegetation,  may  be 
developed. 
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ABSTRACT 

Different  parameters  of  the  in  vivo  chlorophyll  fluorescence 
were  measured  from  Au^st  1987  to  December  1988  in  the 
needles  of  two  spruce  sites  in  the  Northern  Black  Forest 
^thof,  damage  class  0/1,  and  Mauzenberg,  damage  class  3/4). 
The  fluorescence  parameters  measured  comprise  the  Kautsl^ 
induction  kinetics  with  Rfd-values  as  vitality  index  (at  690  and 
730  nm),  the  photochemical  and  non-photochemical  quenching 
coefficients  (qQ  and  qE),  the  ratio  of  maximum  to  ground 
fluorescence  Fm/Fo,  the  height  of  the  saturation  fluorescence 
peak  (g-h)  as  well  as  the  ratio  of  the  two  fluorescence-emission 
maxima  F690/F735.  The  appearance  of  stress  and  damage  as 
well  as  regeneration  of  the  needles,  as  visualized  from  the 
seasonal  changes  of  these  chlorophyll-fluorescence  parameters, 
are  described  in  detail.  The  differences  in  tne  various 
fluorescence  signatures  and  in  photosmthetic  activity  (CO,- 
assimilation  rates)  between  needles  of  healthy  and  damageo 
trees  are  discussed  with  respect  to  stress  detection  and  ground- 
truth  control  in  connection  with  remote  sensing  of  terrestrial 
vegetation. 

Key  words;  chlorophyll  fluorescence,  Rfd-values,  ratio 
F690/F735,  photosynthetic  activity,  forest  decline. 

1.  INTRODUCTION 

Red  chlorophyll  fluorescence  emitted  from  green  plant  tissue 
can  be  taken  as  an  instrument  to  obtain  an  insignt  into  the 
processes  of  photosynthesis.  The  inverse  relationship  between 
in  vivo  chlorophyll  fluorescence  and  photosynthetic  activity  can 
be  used  to  study  the  potential  photosynthetic  capacity  of  plants 
as  well  as  to  detect  damage  and  stress.  Measurements  of 
fluorescence  signatures  are  non-destructive  and  can  be  applied 
for  physiological  ground-truth  control  (Buschmann  et  al.,  1989; 
Lichtenthaler  et  al.,  1986;  Schmuck  et  al.,  1987).  There  are 
several  fluorescence  parameters  which  contain  different 
physiological  information. 

The  light-induced  in  vivo  chlorophyll  fluorescence  of  a 
predarkened  leaf  shows  a  transient  which  is  known  as 
fluorescence  induction  kinetic  (Kautsky  effect).  The 
fluorescence-decrease  ratio  (Rfd  =  fd/fs  =  fluorescence 
decrease  to  steady-state  fluorescence)  has  oeen  established  as  a 
vit  dity  index  of  leaves  (Lichtenthaler  et  al.,  1986;  Lichtenthaler 
and  Kinderle,  19"8a,b,c).  ITie  height  of  the  Rfd-values 
(measured  in  the  690  and  735  nm  regions  with  the  two- 
wave’ ength  fluorometer)  reflect  the  potential  photosynthetic 
activii^  of  leaves.  Though  Rfd-values  usually  go  parallel  with 
the  ne,  CO,-assimilation  rates,  they  are  a  different  parameter, 
and  are  dependent  of  the  stomata  opening,  signalizing  even 
at  closed  ctomata  v/hethcr  the  phot^synthctic  apparatus  la 
photochemically  active  or  not  (Lichtenthaler,  1988). 


The  chlorophyll-fluorescence  emission  spectra  measured  at 
room  te^erature  exhibit  two  maxima  in  the  690  and  735  nm 
regions.  The  measurement  of  the  spectra  allows  determination 
of  the  ratio  of  the  two  fluorescence  maxima  (ratio  F690/F735). 
The  level  of  this  ratio  not  only  reflects  the  chlorophyll  content 
of  the  needles,  but  also  their  photosynthetic  activity  (Rinderle 
and  Lichtenthaler,  1988a,b).  in  a  provisional  airborne  system 
equipped  with  a  pulsed  eximer  laser  (X  =  450  nm)  as  excitation 
light,  differences  in  the  chlorophyll-fluorescence  ratio 
F690/F735  between  trees  of  different  physiological  state  were 
detected  (Zimmermann  and  Gunther,  1986).  This  ratio  may  be 
the  basis  for  a  LIDAR-system  to  sense  the  state  of  physiology 
of  terrestrial  vegetation  (Lichtenthaler,  1989). 

The  PAM-fluorometer  permits  determination  of  the 
photochemical  Q-  and  the  non-photochemical  E-quenching  of 
chlorophyll  fluorescence  and  the  rate  of  the  Q»-reoxidation  in 
the  photosynthetic  electron  transport  chain  (g-n),  as  well  as  the 
ratio  of  the  maximum  to  ^ound  fluorescence  Fm/Fo 
(Schreiber  et  al.,  1986;  Lichtenthaler  and  Rinderle,  1988a). 

The  seasonal  variation  in  the  various  chlorophyll-fluorescence 
signatures,  in  the  pigment  content  (chlorophylls  and 
carotenoids)  and  in  photosynthetic  activity  (COj-assimilation 
rate  Pv,)  between  needles  of  healthy  and  damaged  spruce  trees 
(PiCEA  ABIES)  of  the  Northern  Black  Forest  curing  the  spring, 
summer  and  winter  period  was  compared  in  order  to  determine 
which  parameters  are  best  suitable  for  physiological  ground- 
truth  control. 


2.  MATERIAL  AND  METHODS 

The  development  of  fluorescence  signatures  of  mainly  healthy 
(Althof,  damage  class  O/l,  normal  green  needles,  little  needle 
loss)  and  of  damaged  spruce  trees  (Mauzenberg,  damage  class 
3/4,  70  to  80  %  needle  loss,  yellowish-green  needles)  were 
determined  during  17  months  using  three  different  fluorescence 
methods; 

1)  The  chlorophyll  fluorescence  emi.ssion  spectra  (at  room 
temperature)  incuced  by  blue  light  (470  ±  30  nm)  were 
recorded  with  a  Shimadzu  MPS  5000  spectrometer  under 
steady-state  conditions  of  the  chlorophyll  fluorescence  (5  min 
after  onset  of  illumination)  and  the  ratio  F690/F735  calculated 
(Rinderle  and  Lichtenthaler,  1988). 

2)  The  red  laser-induced  chlorophyll  fluorescence  kinetics 
(determination  of  Rfd-values  as  vitality  index  of  needles) 
measured  simultaneously  at  690  and  730  nm  in  a  portable  two- 
wavelength  field  fluorometer  (Lichtenthaler  and  Rinderle, 
1988^. 

3)  The  differentiation  between  photochemical  Q-quenching 
and  non-photochemical  _  E-quenching,  the  height  of  the 
sdiuiuiioii  puise-iiiuuced  fluorescence  ^ikes  (g-n;  and  the  ratio 
of  maximum  to  ground  fluorescence  Fm/Fo  were  determined 
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using  the  PAM-fluorometer  of  Walz  (S«.hreiber  et  a!.,  1986; 
Lichtenthaler  and  Rinderle,  1988a). 

The  photosynthetic  prenyl  pigments  (chlorophylls  and 
carotenoids)  were  extracted  with  100%  acetone  and  the 
pigments  quantitatively  determined  using  the  new  extinction 
coeffi''ients  (Lichtenthaler,  1987). 

The  COj-assimilation  (Pf,),  transpiration  and  stomatal 
conductivity  (gHjO)  were  determined  using  the  COj/HjO- 
porometer  systenf  of  Walz  (Schulze  et  al.,  1982). 

2.  RESULTS  AND  DISCUSSION 

Pigment  content: 

The  chlorophyll  content  of  needles  was  followed  from  August 
1987  to  December  1988.  The  chlorophyll  a+b  content  (per 
needle  area  unit)  of  the  youngest  and  the  older  needle  years  of 
damaged  trees  (PiCEA  ABIES)  was  always  lower  than  that  of 
healthy  spruces.  With  beginning  of  the  vegetation  period  in 

a  the  chlorophyll  content  of  all  needle  years  increased  at 
spruce  sites.  In  the  case  of  the  older  needles  of  the 
damaged  spruces,  the  chlorophyll  content,  however,  decreased 
again  during  summer  1988  and  reached  its  lowest  values  in  the 
winter  months  (Fig.  1). 
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Mauzenberg;  damage  class  3/4)  starting  in  August  1987. 
e  large  letters  below  and  above  the  figure  represent  tho 
months  August  1987  to  December  1988. 

The  needles  of  the  damaged  trees  showed  higher  values  for  the 
ratio  of  chlorophyll  a/b  than  the  needles  of  the  healthy  trees, 
which  indicates  a  lower  amount  of  light  harvesting  chlorophyll 
a/b  proteins  in  the  needles  of  the  damaged  spruces.  For  the 
pigment  ratio  chlorophylls  to  carotenoids  (a+b)/(x+cl  we 
found  lower  values  throughout  the  year  for  the  older  needles  of 
the  damaged  spruces  than  for  those  of  healthy  trees,  except  for 
the  regreening  period  in  spring.  The  lower  values  for  the 
pigment  ratio  (a+b)/(x+c)  reflect  iongiasting  stress  events  of 
the  needles  of  the  damagea  trees. 


Fluorescence  ratio  F690/F735: 

The  shape  of  the  blue-light  induced  emission-spectra  of  green 
leaves  or  needles  is  characterized  by  two  maxima  in  the  690 
and  735  nm  regions.  In  normal  green  needles  a  large 
proportion  of  the  in  vivo  chlorophyll  fluorescence  in  the  690 


nm  region  is  reabsorbed  by  the  leaf  chlorophylls,  since  the 
absorption  bands  of  the  latter  overlap  with  the  emitted 
fluorescence  in  this  region.  With  decreasing  chlorophyll 
content,  the  ratio  of  the  two  fluorescence  maxima,  the  ratio 
F690/F735,  increases  because  the  probability  of  reabsorption  is 
much  lower  in  needles  with  a  lower  chlorophyll  content.  The 
light-green,  not  yet  fully  developed  needles  of  the  youngest 
needhe  year  1988,  not  shown  here,  exhibited  higher  values  for 
the  ratio  F690/F735  (ca.  1.5-2),  whereas  green  needles  thowed 
values  of  0.9-1.0  (Fig.  2).  The  older  yellowish-green  needles  of 
the  damaged  spruces  also  possess  a  lower  chlorophyll  content 
and  consequently  higher  values  for  the  ratio  F690/F735  (1.2- 
1.6)  than  tne  fully  green  needles  from  the  healthy  trees.  These 
difterences  between  needles  of  healthy  and  damaged  spruces 
were  larger  in  autumn  and  winter  than  during  the  new 
accumulation  of  chlorophylls  in  May  and  June  (ng.  2).  The 
ratio  F690/F735  is  therefore  a  very  suitable  stress  indicator  of 
the  stress-induced  lower  chlorophyll  content  without  the 
performance  of  pigment  analysis.  The  values  of  F690/F735  are 
liigher  when  the  chlorophyll  fluorescence  is  induced  by  blue 
li^t  than  by  red  light.  Yet  in  both  cases  the  values  of  this 
fluorescence  ratio  increase  with  decreasing  chlorophyll  content 
and  photosynthetic  function. 

In  leaves  treated  with  the  herbicide  diuron  (DCMU),  which 
blocks  the  photosynthctic  electron  transport  chain,  we  also 
observed  an  increase  of  the  ratio  F690/F735  though  the 
chlorophyll  content  remained  the  same  before  and  after  the 
treatment.  This  indicates  that  not  only  the  reduced  chlorophyll 
content  of  the  needles  of  the  damaged  trees  increases  the 
values  of  the  ratio  F690/F735,  but  also  the  loss  of  the 
photosynthetic  function,  as  induced  here  by  diuron 
(Lichtenthaler  and  Rinderle,  1988b). 


Fig.  2.  Seasonal  variation  of  the  ratio  of  the  fluorescence 
maxima,  ratio  F69(yF735  of  two  different  needle  years  of 
healthy  (o— o  Althof;  damage  class  0/1)  and  damaged  spruces 
( . Mauzenberg;  damage  class  3/4)  starting  in  August  1987. 

Rfd-values  as  vitality  Index: 

From_  the  slow  component  of  the  fluorescence  induction 
kinetics  of  predarkened  needles,  one  can  determine  the  ratio  of 
me  fluorescence  decrease  (fd)  to  the  steady-state  fluorescence 
(fs).  The  values  of  this  ratio  (Rfd  =  fd/fs)  are  a  valuable 
indicator  of  the  potential  photosynthetic  activity  of  leaves  and 
of  a  plant’s  vitality  (Lichtenthaler  and  Rinderle,  1988a). 

In  autumn  and  winter  the  needles  of  the  damaged  trees  showed 
lower  Rfd-values  than  those  of  the  healthy  trees  (Fig.  3). 
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During  the  formation  of  the  new  shoots  in  spring,  however,  the 
Rfd-values  of  the  needles  of  damaged  and  healthy  trees  no 
longer  exhibit  differences.  In  December  1987,  with  a  very 
strong  frost  period,  the  Rfd-values  were  considerably 
decreased;  they  showed  a  recovery  in  a  relatively  warm  January 
1988,  however,  and  decreased  again  in  a  cold  March.  TTiese 
characteristics  were  found  in  the  needles  at  the  Althof  and 
Mauzenberg  sites  (Fig.  3).  The  decrease  of  the  Rfd-values  in 
December  and  March  indicated  a  damage  to  the 
photosynthetic  apparatus,  the  increase  in  January  (warm 
period)  demonstrated  the  fast  regeneration  of  the 
photosynthetic  function.  The  investigation  thus  demonstrates 
that  the  Rfd-values  are  a  suitable  parameter  for  screening  the 
seasonal  variation  in  the  phpiology  of  the  photosyntTietic 
apparatus  as  well  as  the  differences  between  healthy  and 
damaged  trees. 
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Fig.  3.  Seasonal  changes  of  the  Rfd-values  at  690  nm  of  two 
different  needle  years  of  healthy  fo— o  Althof;  damage  class 

0/1)  and  damaged  spruces  ( .  Mauzenberg;  damage  class 

3/4)  starting  in  August  1987. 

From  the  Rfd-values  at  690  and  730  nm  measured  with  the  two- 
wavelength  field  fluorometer  one  can  determine  the  stress- 
adaptation  index  Ap  (Strasser  et  al.,  1987;  Lichtenthaler  and 
Rinderle,  1988a).  Green,  photosynthetically  active  needles  of 
healthy  spruces  showed  Ap-values  of  ca.  0.2-0.3.  The  Ap-values 
of  the  needles  of  the  damaged  trees  were  most  of  the  time 
lower  as  those  of  the  healthy  ones.  For  Ap-values  beneath  0.1 
there  is  usually  no  possibility  of  regeneration  of  the  needles. 
Such  low  Ap-values  were  only  found  in  dying  branches  of 
damaged  trees. 

From  the  He/Ne-laser-induced  fluorescence  kinetics  at  690 
and  730  nm  one  can  not  only  calculate  the  Rfd-values  and  the 
stress-adaptation  index  Ap,  but  from  the  steady-state 
fluorescence  fs  in  the  690  and  730  nm  regio)i  also  the  ratio 
F690/F735  at  fs.  This  ratio  calculated  from  the  induction 
kinetics  has  the  same  significance  as  the  ratio  F690/F735 
(calculated  from  the  fluorescence  emission  spectra)  described 
above. 


COj-asslmilation  rate  Pj,]: 

The  photosynthetic  activity  per-needle  area  unit  (Pj^, 
determined  with  a  C02/H20-porometer  system)  was  measured 
at  light  saturation  and  depended  much  on  the  stomata  opening. 
At  a  stomatal  cmiductivity  (gH20)  with  va'aes  of  about  20-30 
(mmol  H20*m'^'S'*)  good  nel  C02-assimilation  rates  were 
observed  and  the  stomata  seemed  to  be  reasonably  far  open. 


Under  water  stress  conditions  and  in  wintertime  (December 
1987)  the  stomata  were  closed,  resulting  in  very  low  COj- 
assimilation  rates  (Fig.  4).  The  relatively  high  Rfd-values  at 
that  time  indicate  that  the  internal  photosynthetic  appartus  was 
yet  functional  (assimilation  of  respiration  COj).  In  autumn 
1987  (August  to  October)  the  needles  of  the  damaged  trees 
showed  lower  values  for  the  COj-assimilation  rate  than  the 
needles  of  the  healthy  spruces.  Before  the  formation  of  the  new 
shoots  in  spring  1988  the  healthy  needles  of  the  needle  year 
1986  exhibited  high  values  for  the  COj-fixation,  but  during  the 
summer  and  autumn  of  1988  the  net  CO,-rates  decreaseo  and 
were  more  or  less  the  same  level  as  those  of  the  damaged 
needles  (Fig.  4).  In  that  time  the  Rfd-values  of  the  healthy  trees 
were  slightly  higher,  indicating  that  the  internal  photosynthetic 
activity  was  functioning  better  than  in  the  damaged  trees. 


Fig.  4.  Seasonal  variation  in  the  net  C02*assimilation  rate  Pj^ 
fin  pmol  COym'As'v  of  two  different  needle  years  of  healthy 
(o— 0  Althof;  damage  class  0/1)  and  damaged  spruces  (#.... 
Mauzenberg;  damage  class  3/4)  starting  in  August  1987. 

In  contrast  to  the  Pj^  rates  per  needle  area  unit  the  net  COj- 
assimilation  rate  per  chlorophyll  content  (mg  C02*mg  (a+b) . 
h'*)  showed  higher  values  for  the  needles  of  damapd  trees, 
indicating  that  the  small  amounts  of  chlorophyll  in  the 
damaged  needles  were  fully  photosynthetically  active. 

Fluorescence  measurements  with  the  PAM-fluorometen 

Fluorescence  spikes  (g-h):  With  the  PAM-fluorometer  one  can 
determine  the  chlorophyll  fluorescence  kinetics  with  short 
satuiating  light  pulses  given  even  10  seconds.  The  pulse- 
induced  fluorescence  spikes  (g-h)  (Lichtenthaler  and  Rinderle, 
1988a)  indicate  the  Q.-reoxidation  capacity  and  were  higher 
for  normal  green  needfes  of  the  Althof  site  than  those  of  the 
Mauzenberg  site,  not  shown  here.  These  differences  are 
present  in  the  one-year  old  and  older  needle  years  throughout 
the  year,  except  for  the  regreening  period  in  spring. 

The  quenching  coeflicients  qQ  and  qE;  From  the  original 
PAM-kinetics  we  calculated  the  quenching  coefficients  for  the 
photochemical  (qO)  and  non-photochemical  quenchin..  (qE) 
(see  Schreiber  et  al.,  1986).  The  qQ-values’of  ntedle^of 
healthy  and  damaged  spruces  were  more  or  less  the  same  (0.8- 
0.9)  and  did  not  vary  during  the  course  of  the  year. 

The  qE-values,  however,  which  indicate  the  energy-d^endent 
quenching  of  the  absorbed  light,  showed  in  needles  of  healthy 
trees  low  values  (0.3-0.4)  in  times  of  good  photosynthetic 
activity,  but  were  high  in  winter-time  (0.5-0.6)  (Fig.  5).  In 
contrast,  the  older  needles  of  the  damaged  spruces  already 
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showed  high  values  for  qE  in  August  1987,  through  the  winter 
and  again  in  August  1988,  which  was  probamy  due  to  a 
combined  water,  heat  and  light  stress  (Rinderle  et  al.,  1988). 
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Fig.  5.  Seasonal  changes  in  the  quenching  coefficient  of  two 
needle  years  of  healthy  (o— o  Althof;  damage  class  0/1)  and 
damaged  spruces  (•...<  Mauzenberg;  damage  class  3/4)  starting 
in  August  1987.  Tne  cjE-values  were  measured  after  a  10  min 
saturation  pulse  kinetic. 

Ratio  Fm/Fo:  The  ratio  of  maximum  fluorescence  Fm  to  the 
ground  fluorescence  Fo,  as  determined  with  the  PAM* 
fluorometer,  showed  values  around  5  in  green  spruce  needles 
during  summer-time;  in  winter  values  around  4  were  detected. 
Needles  of  damaged  trees  showed  somewhat  lower  values  for 
this  ratio,  except  for  the  regreening  period  in  spring.  Though 
the  ratio  contains  some  physiologidu  information,  it  is  not  fully 
representative  for  the  photosyntnetic  condition  of  the  needles, 
since  it  is  measured  in  the  non-functional  state  1  of 
photosynthesis. 


4.  CONCLUSION 

The  results  of  this  comparative  investigation  of  different  needle 
years  of  mainly  both  healthy  and  damaged  spruce  trees  indicate 
that  the  portable  two-wavelength  field-fluorometer  and  the 
PAM-fluorometer  offer  very  good  possibilities  for  ground-truth 
control  measurements.  The  chlorophyll-fluorescence  methods, 
especially  the  measurement  of  Rfd-values,  the  ratio 
Fo90/F73S,  the  saturation  pulse-induced  fluorescence  spikes 
(g-h)  and  the  ouench  coefficient  ^E  -  in  addition  to 
measurements  of  chlor^hyll  content,  pigment  ratios  and  of  net 
C02-assimilation  rate  Pj,,  -  are  very  suitable  criteria  to  judge 
physiology,  stress  appearance  and  partial  regeneration  of  the 
photosynthetic  apparatus  in  spring. 
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The  future  utility  of  remotely  sensed 
data  for  measuring  soil  organic  natter  content 
needs  to  bo  evaluated  for  possible  use  In  soil 
conservation  monitoring  programs.  The  basis 
for  this  evaluation  will  be  an  accurate 
measurement  of  the  smallest  differences  In 
soil  organic  natter  that  can  be  detected  using 
laboratory  reflectance  systems.  In  this 
paper,  we  examine  the  sensitivity  of  reflected 
radiation  to  organic  natter  content  of  typical 
southern  Ontario  soils.  Reflectance  spectra 
(470-2650no)  were  collected  from  174  air  dried 
soil  samples  with  a  REFSPEC  •  11* 
spectrometer.  The  samples  ware  collected  form 
four  transects  representing  different  soli 
series. 

The  soil  organic  matter  and  clay  content 
of  the  Perth  Silt  Loam  and  Fox  Sandy  Loan  were 
negatively  correlated  with  all  reflectance 
values  over  the  470-2450nB  range.  The  red 
reflectance  values  ware  more  closely 
correlated  to  the  organic  carbon  contents  of 
all  soils  than  were  the  blur,  green  and 
Infrared.  Three  organic  matter  classes  ate 
separable  by  the  red  reflectance  on  the  Perth 
silt  loam  and  the  Bookton  sandy  loam  even 
though  the  range  of  organic  carbon  content  Is 
only  3.4  X  and  3.2®XC  respectively.  The  red 
reflectance  could  be  used  to  separate  two 
classes  of  organic  carbon  In  the  Huron  clay 
loam  (2.40XC)  and  the  Fox  sandy  loam  (G.40XC). 
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ABSTRACT 

Remote  spectral  observations  expressed  as  vegetation  indices  (VI)  provide  information  about 
the  photosynthetic  size  and  net  assimilate  in  plant  canopies  that  permit  inferences  about  crop 
growth  and  economic  yield.  In  this  paper,  the  interrelationships  are  expressed  in  equation 
form  and  are  applied  to  data  from  an  experiment  conducted  in  1987  at  Tsukuba,  Japan,  with 
Japonica  type  paddy  rice  ( Orvza  sativa  L.).  The  vegetation  indices  used  were  the  perpendicular 
(PVI)  and  normalized  difference  (NDVI).  The  equations  wera  validated  by  the  data.  Functional 
relations  were  predominantly  linear.  Seasonal  cumulative  NDVI  (jNDVI)  was  more  closely  related 
to  cumulative  seasonal  photosynthetically  active  light  absorption  (  ZSp,  MJ/m^)  and  to 
seasonal  dry  matter  increase  (  ADM,  g/ra*)  than  was  JIPVI,  but  Z  PVI  related  as  closely 
(r2=0.86)  to  economic  yield  (YIELD,  g/m*)  as  did  I  NDVI  (r2=0.85).  The  seasonal 
cumulations  equivalent  to  area  under  seasonal  PVI  and  NDVI  versus  time  curves  ("spectral 
profiles")  were  much  more  closely  related  to  YIELD  than  were  PVI  and  NDVI  averaged  for  3  dates 
surrounding  heading.  We  conclude  that  the  spectral  components  analysis  (SCA)  equations  permit 
interpretation  of  spectral  observations  of  rice  that  are  consistent  with  its  growth  and  yield 
in  the  paddy. 

Key  words:  Rice,  vegetation  indices,  growth,  yield,  spectral  components  analysis, 
conversion  efficiency,  net  assimilate,  photosynthesis,  leaf  area  index 


INTRODUCTION 

Spectral  components  analysis  (Wiegand 
and  Richardson,  1984;  1987)  is  a  system  of 
equations  that  interrelates  spectral 
vegetation  indices  (VI);  leaf  area  index 
(L);  fractional  photosynthetically  active 
radiation,  PAR,  absorbed  by  the  canopy  (Fp); 
cumulative  daily  PAR  absorbed  during  the 
season  (  ISp);  above-ground  dry  matter  (DM); 
and  economic  yield  (YIELD).  The  equations 
provide  a  basis  for  large  area  yield 
estimates  from  Landsat  TM  and  SPOT  data  and 
interface  with  physiological  process  models 
of  crop  growth  and  yield.  The  purposes  of 
this  paper  are  to  present  the  equations  and 
illustrate  the  spectral-agronomic 

relationships  of  their  terms  using  data 
collected  in  1987  at  Tsukuba,  Japan,  for  13 
treatments  of  paddy  rice  that  consisted  of 
incomplete  combinations  of  3  cultivars,  6 
nitrogen  (N)  application  rates  and  2 
transplanting  dates. 

THEORY 

The  equation  (Wiegand  et  al.  19  ) 

Fp  =  g(Lz)  =  g(h(VI))  =  f(VI)  [1] 

shows  that  Fp  can  be  estimated  from  remotely 
observed  vegetation  indices  (VI).  Commonly 


used  VI  are  the  normalized  difference 


(NDVI)(Tucker  et  al.,  1979)  and  the 

perpendicular  vegetation  index  (PVI) 

(Richardson  and  Wiegand,  1977).  In  Eq.  [1] 

Lz  =  h(VI)  [2] 

in  which 

Lz  =  L/cos  Z  [3] 


where  Z  =  the  solar  zenith  angle  at  the  time 
of  the  spectral  reflectance  observations 
from  which  VI  are  calculated.  Lz  is  used 
because  it  is  more  compatible  than  L  with 
the  sun  angle-dependent  reflectance  factor 
and  PAR  absorption  measurements  (Wiegand  and 
Richardson,  1987). 

Fractional  PAR  (400-700nm)  absorbed  (Fp) 
by  rice  canopies  can  be  expressed  (Wiegand 
et  al. ,  19  )  by 

Fp=0. 95(0.96-0. 06  exp-0 . 5(Lz)-0 . 9 

exp-0. 45 (Lz) ] .  [4] 

Daily  absorbed  PAR,  Sp  (MJ/day)  is 
defined  by 

Sp  =S  *  0.48  *  Fp  =  Sp’  *  Fp  [5] 

where  S  =  daily  incident  shortwave 
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(300-2800nm)  radiation  (MJ/day), 

and 

0.48  =  the  fraction  of  daily 
shortwave  radiation  at  Tsukuba, 

Japan,  that  is  PAR  (Group  I,  1985). 

The  equation 

YIELD  "  q(r(s(i:vi)))  =  p{ZVl)  [6] 

in  which  YIELD  =  q(DM2-DMl),  DM2-DMl=r( 2Pp) 
and  I  Sp  =  s(!:VI)  explains  why  grain  yield 

(YIELD,  g/m>  or  kg/ha)  should  be  estimable 
from  the  area  under  seasonal  VI  versus  time 
curves  or  'spectral  profiles".  Eq.  (6)  can 
be  implemented  for  any  seasonal  interval  of 
interest;  however,  economic  yield  is  usually 
determined  .it  harvest.  Thus  DM2  is 

aboveground  dry  matter  (kg/m^)  at  harvest 
and  DM1  is  aboveground  dry  matter  at 
transplanting  (kg/m*),  a  number  so  small 
that  it  can  be  ignored.  Thus  in  Eq.  (O)  the 
slope.?  of  the  functional  relations  lips 
designated  by  q,  r,  s  and  p  are, 
respecv'.ively,  the  harvest  index,  the 
efficiency  of  conversion  of  PAR  to  dry 
matter,  the  efficiency  of  absorption  in 
terms  of  photosynthetic  size  of  the  canopies 
expressed  by  VI,  and  the  yield  efficiency  in 
terms  of  photosynthetic  size  of  the  canopy. 
Eq.  [6]  is  most  appropriate  for  intensive 
ground  studies  where  weekly  or  10-day 
interval  measurements  of  DM,  VI,  and  L 
provide  the  seasonal  patterns  and  smoothing 
algorithms  produce  daily  estimates  of  these 
variables  to  use  in  the  cumulations.  Daily 
Fp  from  Eq.  [4]  times  daily  incident  PAR 
flux  (Sp' , MJ/day)  defines  Sp  in  Eq.  [5]  that 
is  cumulated  in  Eq.  [6]. 

For  large  area  applications,  simpler 
equations  are  needed.  If  observations  are 
acquired  for  cereals  between  late  vegetative 
development  (stem  elongation)  and  mid 
reproductive  (milky  grain)  development 
stages  when  L  is  at  its  maximum  for  the 
season  and  relatively  unchanging, 

YIELD=k(L2)  =  k(h(VI))  =  j(VI)  [7] 

is  applicable.  The  YIELD  =  j(VI)  functional 
relation  can  be  established  for  production 
areas  of  interest  from  current  ground  or 
satellite  spectral  observations  ard  YIELD 
samples  from  representative  commercial 
fields. 

If  observations  are  known  to  have  been 
acquired  at  heading  (h),  then  the  equation 

YIE..J  =  n(DMh)  =  n(o(VIh))  -  m(VIh)  [8] 

has  utility  because  for  cereals  YIELD  is 
usually  proportional  to  DMh.  Thus  if  a 
vegetation  index  exists  that  can  estimate 
DMh  satisfactorily,  a  separate  estimate  of 
YIELD  from  DMh  can  augment  the  one  directly 
from  VI . 

EXPERIMENTAL  PROCEDURES 

Three  cultivars  (Kosihikari,  Nipponbare, 
and  Shinanomochi)  of  lowland  rice  (Orvza 
sativa  L.),  Japonica  type,  were  grown  in 
concrete-lined  paddies  in  rows  0.25m  apart 
in  hills  of  three  plants  spaced  0.18m 
apart.  Transplanting  dates  were  21  May  and 


I  lune.  1987  (day  of  year,  DOY  141  and  162, 
rt  -.tively).  Nitrogen  was  applied  at 

of  0,  2,  4,  6,  8  or  12  g/m*  for  the 

f  plots.  Incomplete  combinations  of 
t.  »  Its  resulted  in  a  total  of  13 

CO.  •  .tions  of  cultivar-planting 

date-rertility  treatments. 

Aboveground  dry  phytomass  (DM)  was 
measured  weekly  (19  dates)  and  leaf  area 
index  was  measured  on  7  dates  beginning  with 
the  fifth  date  of  DM  observations.  Grain 
yield  (YIELD)  was  determined  by  harvesting 
36  hills  at  each  of  4  sites  within  each 
treatment. 

Daily  shortwave  radiation,  S  (MJ/day) 
was  measured  by  the  Division  of 
Agrometeorology,  NIAES,  Tsukuba.  Fp  was  not 
directly  measured.  The  equation  of  Horie 
and  Sakuratani  (1985)  was  modified  to 
express  Fp  in  terms  of  PAR  and  Lz  as  given 
by  Eq.  [4]. 

Bidirectional  reflectance  factors  were 
measured  on  10  dates  during  the  season  using 
a  spectroradiometer  (Shibayama  et  al.,  1988) 
that  had  a  15°  field  of  view.  Measurements 
were  made  from  2.5m  above  the  rice  canopies 
at  5nm  intervals  over  the  wavelength  range 
400  to  900nm.  The  bidirectional  reflectance 
factors  (%)  for  narrow  bands  centered  on 
840nm  and  660nm  were  used;  they  are 
designated  R840  and  R660  in  the  equations 
that  define  PVI  and  NDVI. 

The  weekly  DM  and  vegetation  indices, 
and  the  biweekly  L  measurements  were  used  in 
third  to  fifth  degree  polynomial  equations 
of  the  form 

Y  =  exp  (Ao  +  Alt  +  A2t*  +  A3t*...)  [9] 

in  which  t  =  DOY/200;  Ao,  Al,  A2,  A3,  and  A4 
are  the  coefficients;  and  Y  designates  the 
respective  dependent  variable,  DM,  L,  PVI  or 
NDVI.  There  were  separate  equations  for 
each  of  the  four  variables  for  each  of  the 
13  treatments.  These  equations  provided 
daily  values  of  DM,  L,  PVI  and  NDVI  for  the 
cumulations  of  Eq.  [6]. 

Experimental  procedures  are  reported  in 
more  detail  by  Shibayama  et  al.,  1988;  19 

RESULTS 

In  the  results  we  will  emphasize  the 
comparison  of  functional  relationships  in 
the  various  equations  and  equation  terms  for 
NDVI  versus  those  for  PVI.  For  73 
observations  up  to  heading,  the  functional 
relation  of  Eq.  [2]  was 

Lz  =  0.022  PV!*-*  [2a] 

(n  =  73,  r*  =  0.94) 

where  PVI  =  0.778  (R840)  -  0.628  (R660)  - 

1.35  (Shibayama  et  al.,  1988).  For  NDVI 

r  —  A  n‘31  c  *70  /%tr\trT\  rout 

(n  =  73,  r*  =  0.94) 

where  NDVI  =  (R840  -  R660)/(R840  +  R660). 

Since  PVI  and  NDVI  each  accounted  for  94%  of 
the  variability  in  Lz,  one  can  anticipate 
that  they  would  also  be  similarly  related  to 
other  variables  as  well. 

The  relation,  Fp  =  f(VI),  of  eq.  [1]  for 
both  PVI  and  NDVI  was  obtained  by  inserting 
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the  expresr>ions  of  Eqs.  [2a]  and  [2b]  into 
Eq.  [4]  and  solving  for  Fp  over  the  0-38 
range  of  P7I  and  0  -  0.96  range  of  NDVI. 
These  Fp  estimates  are  used,  in  turn,  in  Eq. 
[5]  for  the  Sp  cumulations  of  Eq.  [6].  The 
terms  in  Eq.  [6]  that  contain  DM,  and  the 
vegetation  indices  PVI  and  NDVI  are 
implemented  by  u.sing  the  daily  estimates  of 
these  variables  from  Eq.  [9]. 

Figure  1  displays  three  of  the  terms  of 
Eq.  [6]  for  three  separate  growing  season 
intervals.  In  Fig.  la  the  !:Sp=s(i:Vl)  term 
is  shown  for  PVI  and  NDVI  in  separate  graphs 
for  each  of  the  three  growing  season 
intervals  and  in  Fig.  lb  the  a  DM  =  r(KSp) 
term  is  shown  for  the  same  three  intervals. 
The  three  intervals  were  the  first  three 
weeks  after  transplanting  (DOY  141-161  and 
162-182,  respectively,  for  early  and  late 
plantings),  *‘rom  transplanting  to  about 
average  date  of  heading  (DOY  141-224  and 
162-224),  and  from  transplanting  to 
physiological  maturity  of  the  grain  (DOY 
141-266  and  161-266).  The  scales  on  the 
interior  of  Figs,  la  and  lb  apply  to  the 
data  for  the  three  week  interval  right  after 
transplanting.  As  indicated  by  the 
cc efficients  of  determination  (r^)  there 
was  more  variation  in  estimating  2  Sp  and  A  DM 
from  PVI  than  from  NDVI.  There  is  a  range 
among  the  13  treatments  in  ISp,  ADM,  zPVI 
and  INDVI  attributable  to  differences  in 
growth  among  treatments  in  response  to  N 
fertilization.  The  first  transplanting  also 
achieved  a  higher  L  than  the  second 
transplanting. 

The  slope.'  in  Fig.  la  are  the  efficiency 
of  PAR  absorption  in  terms  of  the 
photosynthetic  size  of  the  canopies 
(MJ/m2/vegetation  index  unit).  In  Fig. 
lb,  the  slopes  are  the  efficiencies  of 
conversion  of  absorbed  PAR  to  dry  matter 
(kg/MJ  in  the  figures).  For  NDVI  the 
conversion  efficiencies  were  the  same  (2.7 
g/MJ)  for  the  two  later  growth  periods,  but 
for  PVI  the  efficiency  was  3.0  g/MJ  from 
transplanting  to  heading  and  2.4  g/MJ  from 
transplanting  to  physiological  maturity. 

Figure  Ic  shows  that  in  spite  of  the 
differences  for  PVI  and  NDVI  in  Figs,  la  and 
lb,  the  seasonal  cumulation  of  PVI  and  NDVI 
had  about  the  same  coefficient  of 
determination  versus  economic  yield  (0.86 
and  0.85,  respectively).  These  results  show 
that  there  is  a  useful  relation  between  the 
area  under  the  seasonal  vegetation  index 
curve  and  economic  yield.  This  relation  is 
useful  for  large  area  yield  estimation  where 
functional  relations  can  be  developed  for 
production  areas  of  interest  from  periodic 
satellite  observations  and  yields  reported 
by  farmers  or  those  obtained  directly  by 
sampling  a  number  of  fields. 

Another  relation  from  Eq.  [6]  that  is  of 
2^  i.s 

A  DM  =  r(s(i:VI)),  [10] 

derived  from  the  a  DM  =  r(j:Sp)  andzSp  =  s 
(  I  VI)  components  of  Eq.  [6]  shown  in  Figs 
lb  and  la,  respectively.  This  equation 
shows  how  i  Sp  can  be  eliminated  to  express 
the  relation  directly  between  plant  dry 
matter  changes  and  cumulative  vegetation 


indices.  The  coefficients  of  determination 
for  data  in  Fig.  2  were  0.88  and  0.89  for 
PVI  and  NDVI,  respectively,  during  the 
vegetative  development  phase  and  0.80  and 
0.94,  respectively,  from  transplanting  to 
physiological  maturity  of  the  grain.  The 
r^  =  0.94  between  NDVI  and  ADM  over  the 
whole  season  merits  comment.  Rice  canopies 
remain  photosynthetically  active  right  up  to 
harvest  as  evidenced  in  this  study  by  green 
leaf  area  indices  in  excess  of  1.0  in  some 
treatments  at  harvest.  Even  though  the  DM 
increase  after  anthesis  is  due  almost  solely 
to  grain  enlargement,  the  close  association 
between  DM  increase  and  photosynthesis 
continues  as  during  vegetative  development. 
This  explanation  of  the  high  correlation 
between  ADM  and  2 NDVI  in  Fig.  2b  is 
consistent  with  the  constancy  of  the 
efficiency  of  dry  matter  conversion  (2.7 
g/MJ)  during  both  vegetative  development  and 
the  whole  season  (Fig.  lb)  and  the  high 
correlation  between  2 Sp  and  2 NDVI  for  the 
whole  season  (Fig.  la). 

The  vegetation  index  data  averaged  for 
three  dates  around  heading  (h)  and  grain 
yield  at  harvest  were  used  in  the 
YIELD=m(VIh)  relation  of  Eq.  [8].  The 
equations  for  PVIh  and  NDVIh  were 

YIELD  (g/m2)=253.8  +  16.9(PVIh)  [8a] 
n=13  r2=0.63 

YIELD  (g/m2)=270.4  +  1066.7(NDVIh)  [8b] 
n=13  r2=0.45 


These  results  are  much  poorer  than  those  in 
Fig.  Ic  for  the  Eq.  [6]  relation,  YIELD=p 
(2  VI)  and  indicate  the  superiority  of  YIELD 
estimates  from  area  under  the  seasonal  VI 
curves  over  those  from  VI  at  one  particular 
time  during  the  growing  season.  Since  the 
three-date  average  VI  used  in  this  case  were 
obtained  between  stem  elongation  and  milky 
grain  stages  of  crop  development  specified 
for  Eq.  [7],  these  particular  results  could 
also  be  considered  the  YIELD=j(VI)  relation 
of  Eq.  [7]. 

For  the  data  of  this  study,  the 
YIELD=n(DMh)  relation  of  Eq.  [8]  was 

YIELD  (g/m2)=254.2  +  435.1(DMh)  [8c] 

n=13  r2=0.92 


and  the  DM=o(Vlh)  relations  were  found  to  be 

DMh=-0.0064  +  0.039(PVIh)  [8d] 

n=13  r2=0.69 


and 

DMh=-1.09  +  2.31(NDVIn)  [8e] 

n=13  r2=0.43. 


Substitution  of  [8d]  and  [8e] 
produces  the 

YIELD=n(o(VIh)  relations  of  Eq. 


into  [8c] 
[8], 


YIELD=251.4  +  16.97  (PVIh) 

and 

YIELD=-220.1  +  1005.1(NDVIh). 


[8f] 

[8g] 


Within  the  experimental  errors  associated 
with  [8c],  [8d],  and  [8e],  equations  [8f] 

and  [8g]  predict  the  same  values  of  YIELD 


682 


that  Eqs.  [8a]  and  [8b]  do,  as  Eq.  [8] 
requires . 

As  shown  in  Fig.  2,  DM  from 
transplanting  through  heading  (DOY  224) 
could  be  estimated  by  Eq.[10]  as 


DM(g/m2)=74.0  +  0.81(Z  PVI)  [10a] 

n=13  r2=0.88 

and  DM(g/m2)=-.99  +  21.0(ENDVI)  [10b] 

n=13  r2=0.89. 


Thus  use  of  PVIh  and  NDVIh  at  heading  in 
[10a]  and  [10b]  predicts  DMh.  Then  one 
could  substitute  [10a]  and  [10b]  into  [8c] 
to  estimate  YIELD  from  DMh. 


DISCUSSION 

There  is  considerable  flexibility  in  the 
use  of  the  equations  that  constitute 
spectral  components  analysis  (SCA).  One  can 
implement  only  those  parts  of  the  equations 
of  interest  or  that  the  data  permit.  The 
flexibility  is  increased  if  calibrations  for 
terms  such  as  Fp=f(VI)  and  Fp=g(Lz)  of  Eq. 
[1],  DM2-DMl=r(  E Sp)  of  Eq.  [6],  YIELD=k{L2) 
and  YIELD=j(VI)  of  Eq.  [7],  and  YIELD=n(DMh) 
and  YIELD=m(VIh)  of  Eq.  [8]  are  developed 
for  production  areas  of  interest.  The 
calibrations  minimize  the  number  and  kinds 
of  observations  that  need  to  be  made  each 
season. 

The  SCA  equations  help  establish  how 
inferences  about  probable  yields  can  be 
inferred  from  spectra)  observations  of  the 
canopies.  They  were  devised  to  provide  a 
basis  for  large  aroa  estimation  of  crop 
yields  from  spectral  observations  such  as 
those  that  can  be  made  by  orbiting 
satellites.  Thus  the  relations  emphasize 
spectral  vegetation  indices  and  economic 
yield. 

Crop  simulation  models  have  been 
developed  that  are  also  capable  of 
estimating  economic  yields.  They  require 
soil  property  inputs  of  rooting  depth  and 
plant  available  water,  the  weather  inputs 
solar  radiation,  air  temperature  and 
precipitation,  and  reduction  factors  for 
applicable  stresses.  But  it  is  not  known 
for  particular  fields  whether  they  are 
actually  growing  as  the  model  predicts.  In 
contrast,  the  direct  look  at  the  canopies 
used  in  spectral  components  analysis  relies 
on  the  plants  themselves  to  integrate  the 
growing  conditions  experienced  and  to 
display  their  responses  to  them  through  the 
canopies  that  develop  (Wiegand  and 
Richardson,  1984).  The  vegetation  indices 
sense  the  net  assimilate  displayed  by  the 
canopies  as  expressed  by  leaf  area  index, 
dry  matter  and  photosynthetic  size  of  the 
canopies . 
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expressed  by  Eq.  (10),  iDM“r(3(  VI)).  This  relation  is  Che  product  of  the  DM“r(ESp)  and  ESp«s(EVl) 
terms  shown  in  Figs,  lb  and  la,  respectively. 
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treatments  of  this  study  expressed  using  the  vegetation  indices  PVI  and 
NDVI.  In  parts  a  and  b  data  are  presented  for  three  seasonal  Intervals:  the  first  three  weeks  after 
transplanting  (DOY  141-161  and  162-182,  respectively,  for  early  and  late  plantings);  from  transplanting 
to  approximately  average  heading  date  (DOY  141-224  and  162-224),  and  from  transplanting  to  approxlmatefy 
J  of  the  grain  (DOY  141-266  and  162-266).  The  Interior  scale  applies  fo?  the  three 

week  Inte^al  rig^  after  transplanting.  Part  a'  displays  the  2Sp-s(!:VI)  term  of  Eq.  (6);  part  'b' 
displays  the  DM2-Dml-r(iSp)  term  of  Eq.  (6);  and,  part  ’c’  displays  the  right  side  of  Eq.  (6)  for  the 
Interval  transplanting  to  physiological  maturity. 


Figure  2.  Dry  matter  changes  for  the  same  three  seasonal  intervals  of  Fig.  1  versus  jPVI  and  ZNDVI  as 
expressed  by  Eq.  (10),  4DM“r(s(  VI)),  This  relation  Is  the  product  of  the  DM“r(ZSp)  and  ESp«s(EVI) 
terms  shown  in  Figs,  lb  artd  la,  respectively. 
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R4sum6 

Dans  le  cadre  d'une  dtude  sur  la  cartographie  satellitaire  des  sols 
d'unc  region  semi-aride  du  nord  Maroc,  une  campagne  de  mesures 
radiomdtriques  sur  le  terrain  a  &i6  rdalisde.  Lc  but  de  cette 
campagne  est  de  caractdriser  les  types  de  sols  par  leurs  propridtds 
spectrales  et  de  ddmontrer  I'effet  de  paramitres  pddologiques  sur 
les  rdflectances  enregistrdes.  Les  mesures  de  rdflectance 
bidirectionnelle  ont  dtd  effectudes  avec  un  spectroradiomdtre  dans  la 
gamme  de  400-1 100  nm.  Les  principales  classes  de  sols  du 
secteur  d'dtude  se  distinguent  par  leurs  propridtds  spectrales.  Les 
bandes  spectrales  du  rouge  et  de  I'infrarouge  sont  les  bandes  les 
plus  utiles  k  discriminer  les  diffdrentes  classes.  Des  relations 
dvidentes  ont  dtd  ddmontrdes  entre  ia  rdflectance  et  la  couleur  des 
sols,  le  taux  de  matidre  organique,  le  pourcentage  d'argile  et  I'dtat 
de  la  surface  des  sols. 

Abstract 

Radiometric  studies  of  the  soils  in  the  semi-arid  region  of  Morroco 
have  been  made  as  part  of  a  project  to  map  soils  using  Landsat 
images.  The  purpose  of  the  study  was  to  measure  the  spectral 
properties  of  the  soils  and  compares  these  with  their  physico¬ 
chemical  characteristics.  Bidirectional  reflectances  were  mesured 
with  a  speotroradiometer  in  the  range  of  400-1100  nm.  The 
principal  soil  classes  can  be  distinguished  by  their  spectral 
signatures.  The  red  and  infrared  bands  are  the  most  useful 
discriminators.  The  reflectance  is  most  clearly  correlated  to  the  soil 
colour,  organic  matter  content,  clay  content  and  the  surface 
charachterisdcs. 


INTRODUCTION 

L'application  de  la  tdldddteci'on  k  1'dtude  des  sols  contribue  k 
I'identification  des  types  de  sols  en  vue  dc.  leur  cartographie  et  elle 
apporte  une  information  compldmentaire  dans  le  but  de  prdciser  les 
caractdristiques  pddologiques  du  sol.  Plusieurs  auteurs  (Cipra  et 
al.,  1980,  Baumgardner  et  al.,  1985;  Mulders  and  Epema,  1986; 
Coleman  and  Montgomery,  1987)  ont  ddmontrd  I'utilitd  des 
propridtds  spectrales  dans  I'dtude  des  caractdristiques  physiques  et 
chimiques  des  sols.  Ils  ont  qouvd  des  relations  entre  les  valeurs  de 
rdiievtance  spevUoradiumetnque  et  le  taux  de  mauere  organique,  la 
teneur  en  eau,  la  couleur  des  sols,  le  taux  de  calcaire  et  la  teneur 
d'oxyde  de  fer  prdsent  dans  le  sol. 

Le  but  premier  de  I'dtude  est  de  caractdriscr  les  types  de  sols  d'une 
rdgion  semi-aride  par  des  valeurs  de  rdflectance  acquises  sur  le 
terrain,  deuxidmement,  ddmoiitrer  I'effet  de  quelques  paramdtres 
physiques  et  chimiques  des  sols  sur  les  courbes  de  rdflectance. 
Cette  dtude  s'inscrit  dans  le  cadre  d'un  programme  sur  la 


cartographie  satellitaire  des  sols  d’une  rdgion  semi-aride  du  nord 
Maroc.  Ces  mesures  radiomdtriques  dc  terrain  reprdsentent  une 
dtape  prdliminairc  k  la  rdalisarion  d'une  classification  numdrique. 

SECTEUR  D’ETUDE 

Le  secteur  d’dtude  couvre  la  rdgion  de  Settat-B’Hamnicd  situd  dans 
la  partie  septentrionalc  du  Maroc,  75  km  au  sud  de  Casablanca. 
C'est  une  zone  de  plaine  et  de  plateaux  k  vocation  agricole  dc 
culture  cdidalidre  et  maralchdrc. 

Les  sols  ont  did  dchantillonnds  i  partir  de  la  cane  pddologique  au  1  / 
100  000.  Ils  sont  compris  4 1’intdrieur  de  6  grandes  classes  de  sols 
(Classification  fran9aise  CPCS  et  Aubert).  Ce  sont  les  classes  de 
sols  mindraux  bruts,  les  sols  peu  dvoluds,  les  vertisols,  les 
calcimagndsiques,  les  isohumi^ues  et  les  sols  4  sesquioxyde  de  fer. 
Les  calcimagndsiques,  les  vertisols  et  les  isohumiques  reprdsentent 
plus  de  70  %  de  la  surface  du  pdrimdtre  d’dtude.  Ces  sols  se  sont 
ddveloppds  4  partir  de  9  grands  types  dc  matdriaux  roche-tndre.  Ce 
sont  les  mamo-calcaire,  les  argiles  rouges,  les  roches  calcaires,  les 
schiste  grdseux,  les  calcaires  grdseux  encroutds,  les  formations 
supeificielles  limoneuses  rouges  et  les  formations  4  sables 
silicieux,  les  roches  calcaires  dures  et  les  conglomdrats  mio- 
pliocdne. 

MATERIELS  ET  METHODES 

Les  donndes  spectrales  ont  dtd  recueillies  lors  d’une  campagne  de 
terrain  du  15  septcmbre  au  15  octobre  1988.  L’appareil  utilisd  est 
un  spcctroradiomdtrc  SPECTRON  qui  mesure  une  intensitd 
d'dnergie  lumincuse  en  function  de  la  longueur  d’onde  (p.W/cm'2). 
L'instrument  est  sensible  aux  longueurs  d’onde  comprises  entre 
400  et  1100  nm  avec  un  pas  d’dchantillonnage  de  2,6^  nm. 
L'appareil  comprend  deux  composantes,  la  premidre  est  une  tete  de 
ddtecteurs  (photodiodes)  aver  un  angle  d’ouverture  possible  de  1 
et  10  dcgrds.  La  seconde  est  un  micro-processeur  controleur  qui 
traite  et  enregisue  lc  signal. 

Toutcs  les  mesures  ont  dtd  prises  de  fa^on  perpendiculaire  et  4  une 
distance  dc  2  m  au-dessus  du  sol.  L’angle  d’ouverture  de  l’appareil 
dtait  de  10®.  La  surface  prise  en  compte  dans  la  mesure  est 
d'environ  0,12  m^.  Dans  le  but  d’dviter  un  effet  rasant  de 
1  dclaircmcrit  solu,rc,  lc  temps  ucs  mcsurcs  cau  loujours  cornpns 
entre  9h30  et  15h30.  Deux  rdpdtitions  de  mesures  ont  dtd  rddisdes 
sur  chaque  site'  'isitds.  Le  facteur  de  rdflectance  bidirectionnel 
(BRIO  a  dtd  ddtermind  en  proeddant  4  deux  mesures  consdeutives 
pour  chaque  cibic  visde,  soit  une  dans  la  direction  de  la  surface  et 
i’autre  en  direction  d’une  surface  de  rdfdrence.  La  valeur  reladve  de 
ia  rdflectance  bidirectionnel  enregistrde  est  donnde  par ; 

R  (%)  =  r  (  t  )  /  s  (  t )  *  100  (1) 
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Oil  R  repr6seme  la  reflectance  de  la  surface  visde,  r  est  la  teponse 
de  I'appareil  sur  le  site,  t  dtant  le  temps  d'ouverture  d'integration 
donnd  par  I'appareil  et  s  la  rdponse  de  la  surface  de  reference.  Un 
total  de  67  spectres  de  reflectance  ont  ete  recueillis.  Le  tableau  1 
montre  la  repartition  des  sites  selon  leurs  appartenance  aux 
differentcs  classes  de  sols  enumerfes  precedemment. 

Toutes  les  mesures  ont  ete  recueillies  sur  des  surfaces  de  sols  nus 
et  secs.  De  conditions  atmospheriques  tris  bonnes  en  terme  de 
luminosite  ct  de  purete  de  I'atmosphere  ont  peimis  d'acquerir  des 
donndes  stables  La  surface  des  sols  a  ete  decrite  en  fonction  de 
critires  qualitatifs  tels  que  la  rugosite  de  surface,  les  pratiques 
agricoles  appliqudes,  la  pierrosite,  la  couleur  au  code  de  Munseil  et 
d'autres  observations  it  caract^res  topographiques  et 
geomorphologiques. 

Tableau  1 


Distribution  des  sites  echantillonnes  selon  leur 
appartenance  aux  differentes  classes  de  sols 


Classes  de  sols 

Nombre  de  sites 

Mindraux  bruts 

3 

Peu  ^voluds 

2 

Calcimagndsiques 

40 

Vertisols 

9 

Isohumiques 

11 

Sesquioxydes  de  fer 

2 

De  plus  toutes  les  valeurs  de  reflectance  ont  ete  mesurees  aux 
memes  lieux  oil  furent  acquis  des  echantillons  de  sols  pour  une 
analyse  en  laboratoire,  lots  des  travaux  d'eiaboration  de  la  carte 
pedologique  qui  se  sont  derouies  du  11/01,M983  au  16/8/1984. 
Ceci  permettait  d'obtenir  des  elements  physico-chimiques  propres 
aux  differents  sols  en  plus  des  rdponses  spectrales.  Les  paramitres 
de  sols  retenus  pour  fin  d'evaluation  sont  la  pierrosite,  le  CaCo3 
total,  le  taux  de  matiire  organique,  le  pourcentage  d'argile,  de 
limon  et  de  sable  en  plus  de  la  couleur. 

RfeSDLTATS  ET  DISCUSSION 

Dans  le  domaine  specuale  explore,  failure  generale  des  courbes  de 
reflectances  suit  un  patron  assez  similaire  d'une  de  classe  de  sols  i 
une  autre  (fig.  1).  La  reflectance  augmente  en  fonction  de  la 
longueur  d'onde  pour  atteindre  un  maximum  vers  900  nm  puis 
decroit  graduellement.  La  forme  concave  des  courbes  est  marquee 
sur  son  paicours  par  une 


Fig.l.  Courbe  de  reflectance  caracteristique  des  sols 
de  la  region  de  Settat  •  B'Hammed 


depression  generalisee  entre  900  et  975  nm.  L’amplitude  des 
courbes  de  leflectance  est  dependante  des  propiietes  Uecs  aux  etats 
de  la  surface  et  des  caracteristiques  physico-chimiques  du  sol. 

La  figure  2  presente  les  valeurs  de  reflectance  moyenne  des  six 
classes  majeures  de  sols .  Les  donnees  ont  ete  groupees  selon  cinq 
bandes  spectrales.  Les  quatre  premieres  cotiespondent  aux  bandes 
TM  du  satellite  Landsat.  La  cinquieme  bande  regroupe  les  valeurs 
de  longueurs  d'onde  compiementaires  jusqu'h  1 100  nm.  Les 
classes  de  sols  se  differencient  les  unes  des  autres  h  I'exception  de 
la  classe  des  calcimagnesiques  et  des  sesquioxydes  de  fer  oil  Ton 
remarque  une  certaine  confusion.  Les  vertisols  prdsentent  les 
valeurs  de  reflectance  les  plus  faibles  et  ce  pour  chaque  bande 
spectrale.  La  classe  de  sols  des  calcimagnesiques,  des  peu  evoluds 
et  des  mindraux  bruts  prdsentent  des  valeurs  de  reflectance 
substantiellement  plus  dievdes  que  la  classe  des  vertisols  et  des 
isohumiques.  Ces  differences  peuvent-etre  attribudes  h  la  nature 
physique  et  chimique  de  ces  diverses  classes  de  sols  (Tableau  2),  h 
la  couleur  et  aux  pratiques  culturales.  Les  bandes  rouge  et 
infrarouge  se  montrent  les  bandes  les  plus  importantes  pour  la 
discrimination  entre  les  classes  de  sols.  Ces  rdsultats  corroborent 
les  travaux  de  Coleman  et  Montgomery  (1987). 


TM1  TUI  TUI  TUt  •OO.ItOOnin 


lONOUEUR  D'ONDE  (nm) 


Fig.2  Valeurs  des  reflectances  moyennes  du 
spectroradiorndtre,  des  classes  de  sols  dtudides  et 
groupdes  en  bandes  spectrales. 


Tableau  2.  Valeurs  moyennes  des  proprietds  physico- 
chimiques  pour  chaque  sol. 


Classe  de 

sols 

I 

II 

III 

IV 

V 

VI 

Pierrosite 

(%) 

21.6 

22,5 

3,0 

10.7 

4,3 

85.0 

CaCo3 

(%) 

3.0 

0 

3,3 

13.6 

5.6 

5.0 

Mat.  Org. 

(%) 

3.6 

3,26 

1.4 

3.5 

3.6 

3.1 

Axgilc 

(%) 

28,6 

21,0 

55.3 

27,6 

42.0 

18.4 

Limon 

(%) 

51.4 

13,3 

26,0 

43.8 

10.6 

17.1 

Sable 

(%) 

26.0 

65,7 

16.7 

28,6 

19.7 

64.5 

Classe  I  =  Mindraux  bnits  II  =  Peu  dvoluds  III  =  Vertisols 
IV  i  Ca'cintagTivSKjiics  V  —  iSGnuniiques  VI  “  Sesquioxydes  de  ler 


Pour  les  valeurs  moyennes  de  reflectance  des  classes  de  sols  les 
plus  rdpandues,  un  test  de  comparaison  des  moyennes  (t  de 
student)  a  6l6  effectue.  Les  rdsultats  demontrent  que  les  moyennes 
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des  classes  de  sols  pour  chaque  bande  spectrale  sont  dlffdrentes  et 
significatives  statistiquement  il  95%  &  I'exception  de  la  classes  des 
vertisols  et  des  isohumiques  aux  bandes  TMl  et  TM  2  qui  n'ont 
pas  pass^es  le  test  (Tableau  3). 


Tableau  3.  R^sultats  du  test  t  de  student  pour  les 
valeurs  moyennes  de  reflectance  des  classes  de  sols  les 
plus  repandues 


CLasses  de  sols 

IV  -  III 

IV  .  V 

III  -  V 

TM  1 

Tc=623>l,68 

Tc=4,3>l,68 

T(;= -1,2>-1,86 

(HQrejttde) 

(Hj  rejdtde) 

(Hg  acceptde) 

TM  2 

Tc=6.7>1.68 

Tc=4J>1.68 

T<;=  .1.36>-1,86 

(Hfl  rejdtde) 

(H(,reJ<l<e) 

(Hg  acceptde) 

TM  3 

Tc=  101.68 

Tc=6.4>I,68 

T(.=  -5.4<-l,86 

(Hj  rejdtde) 

(Hj  rejftde) 

(Hg  rejdtde) 

TM  4 

Tc=8.6>l,68 

Tc=5.9>l,68 

Tc=  .1.9<.1.86 

(Hj  rejttde) 

(Hj  rejttde) 

(Hg  rejdtde) 

900.1100 

Tc=8.  ^1,68 

Tc=5,4>l,68 

T(;=  -2,65<.1,86 

(Hj  rejetde) 

(Hj  rejdtde) 

(Hg  rejdtde) 

Ho=  Hypothists  nulle  i.e.  pj  =  P2  "Ivciu  d'acceptatlon  =  0.05 
Classes  de  sols  III  =  Venisols  IV  =  Calcimagnisiqucs  V  =  Isohumiques 


L'observation  des  diffdrents  specues  de  la  classe  de  sols  des 
calcimagnesiques  a  t6v616  beaucoup  de  variation  I  I'intdrieur  de 
cette  metne  classe  (fig.  3).  Trois  groupes  de  sols  calcimagndsiques 
se  distlnguent  clairement  soit,  les  rendzines,  les  bruns  calclques  et 
les  sols  bnins  mdlanisds.  Les  bruns  calclques  meianises  presentent 
les  valeurs  les  plus  faibles.  Cest  un  groupe  de  sols  de  couleur 
fonede  (lOYR  3/2),  riche  en  argile,  pauvre  en  calcaire  fin,  peu 
pierreux  et  dc  famtlle  it  formations  limoneuses  rouges.  Le  second 
groupe  de  sols,  les  bruns  calcaires,  sont  des  sols  plus  clairs  que  les 
prieddent,  de  pierrositd  moyenne,  moins  riche  en  argile  et 
gdndralement  plus  riche  en  calcaire  (de  famille  mamo-calcaire). 
Ces  caraetdristiquent  mettent  en  place  des  valeurs  de  rdflectance 
plus  didvdes.  Le  dernier  groupe,  les  rendzines,  sont  des  sols 
gdndralement  de  couleur  moyennement  plus  clair  (lOYR  5/4  • 
7.5YR  5/4)  que  les  deux  groupes  prdeddents,  ils  sont  dgalement 
plus  pierreux  et  aussi  formds  sur  matdriau  mamo-calcaire. 


La  couleur  d'un  sol  a  toujours  dtd  considdrde  comme  I'un  des 
principaux  facteurs  de  discrimination  dans  les  systdmes  de 
classification  des  sols  (Baumgardner,  1985).  Selon  la  figure  4  qui 
illusue  les  variations  de  la  rdflectance  en  fonction  de  la  couleur 
d'une  meme  teinte  mais  de  eland  diffdrente  (la  couleur  des  sols  est 
toujours  rdfdrencd  par  uois  variables:  la  teinte,  la  eland,  la  puretd) 
on  observe  que  cette  variable  est  un  facteurde  variation  dvidente  en 
reladon  avec  les  auues  variables  pddiques. 

En  radiomduie  de  terrain,  la  matidre  organique  joue  dgalement  un 
role  dans  les  modifications  de  la  rdflectance  (King,  1985).  On 
remarque  qu'une  teneur  dlevde  s'accompagne  d'une  dimunition  de 
la  rdflectance  (Figure  5). 

Les  classes  de  sols  dtudides  montrent  des  pourcentages  d'argile  trds 
varid  s,  on  a  voulu  exptimd  I'effet  de  ces  taux  d'argile  sur  les 
rdflectances  (Figure  6).  La  rdflectance  augmente  en  fonction  d'une 
dimunition  de  la  teneur  en  argile  pidsente  dans  les  sols,  et  ce  pour 
toutes  les  longueurs  d’onde  considdtdes. 

Les  pratiques  culturales  de  type  labour,  hersage  ou  autres  altdrent 
beaucoup  les  rdponses  spectrales  enregistrdes  (Stoner  and  Horvath, 
1971).  Ces  pratiques  interviennent  au  nivau  de  la  rugositd  de  la 
surface.  Dans  tous  les  cas  observds  les  rdflectances  diminuent  avec 
une  rugositd  croissante  (fig.  7). 


LONGUEUR  D'ONDEtnn) 


Fig.  4.  Influence  de  la  couleur  des  sols  sur  les  valeurs 
de  rdflectance.  Sols  de  meme  teinte  (7.5YR)  mais  de 
clartd  diffdrente 


En  dernier  lieu,  on  a  voulu  vdrifier  I'effet  de  la  couleur,  de  la 
matidre  organique,  du  pourcentage  d'argile  et  des  pratiques 
agricoles  sur  la  rdponse  specuale  d  certains  sites  (figs.  4, 5, 6, 7). 


Fig.  5.  Effet  du  taux  de  matidre  organique  sur  les 
rdflectances 
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Fig.  6.  Effet  dll  pourcentage  d'argile  contenu  dans  le 
sol  sur  tes  reflectances 


Fig.  7.  Influence  des  pratiques  culturales  de  type 
labour  sur  Ics  reflectances  d'une  parcelle  de  sal  . 


CONCLUSION 

Ces  resultats  de  mesures  radiometriques  des  sois  de  la  rdgion  de 
Settat  -  B'Hammed  au  Maroc  permettent  de  rassembler  plusieurs 
elements  d'information.  En  premier  lieu  on  a  observe  qu'il  est 
possible  de  distinguer  spectralement  les  principales  classes  de  sols 
renconu-eessurlesecteur.  Que  les  bandes  specuales  du  rouge  ct 
Je  I'infrarouge  se  montrent  les  bandes  les  plus  utiles  pour  la 
discrimination  entre  ies  differentes  classes.  De  plus  il  est  possible 
de  distinguer  trois  groupes  de  sols  differents  &  I'interieur  de  la 
classe  des  calcimagnesiques  soit  les  rendzines,  les  bruns  calciques 
et  les  bruns  mdlanises. 

Ils  ont  permis  de  mettre  en  evidence  des  relations  claires  entre  les 
differents  parametres  pedologiqUw-  et  les  modific^ons  de  la 
reflectance  enregistree  dans  la  region  de  400  i  1  Iw  nm.  La 
reflectance  est  etroitement  liee  i  la  couleur  du  sol  qui  h  son  tour 
depend  de  plusieurs  caractferes  physieo-chimiques.  Le  taux  de 
matiere  organique  et  le  pourcentage  d'argile  altSrent  les  rdponses 
spectrales,  la  reflectance  dimiiiue  avee  uiie  augmcnlatloii  de  la 
matifere  organique  et  du  pourcentage  d'argile  presents  dans  les 
sols.  Finalement  on  observe  qu'un  sol  labourd  a  toujours  une 
reflectance  moindre  qu'un  sol  non  laboure. 


Pour  ctre  plus  complete  cette  etudo  necessiterait  un  nombres 
d'u jservations  plus  eievees  pour  certaines  classes  de  sols  etudides. 
II  faut  considerer  qu'un  sol  est  une  cible  complexe  qui  dvolue  dans 
le  temps  et  dans  I'espace  oil  I'interactions  des  plusieurs  paramitn-o 
sont  lies.  Neanmoins  Ics  informations  qui  ressortent  de  cette  etude 
seront  d'un  grand  recours  lors  de  I'interpretation  des  resultats 
obtenus  &  partir  des  traitements  numeriques  de  I'image  satellite. 
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Frequency  An»lyiii,  BAHWN,  -  towkrd*  «  fiMh 
to  analyse  the  spectrun  of  a  ihsrt  record. 


Michael  F.  Beddoei 


ABSTRACT 

The  Basic  Frequency  Analyser,  BAFRAK,  aims  to 
produce  an  estimate  of  signal  spectrum  from  a 
relatively  short  signal  record  or  from  equal  length 
signal  records.  The  signal  is  modelled  as  the  sum  of 
infinite  extent  complex  exponentials  even  though  the 
signal  itself  is  known  for  only  a  brief  period  T. 
Ideally,  the  spectrum  detected  should  only  include 
signal  components  which  are  multiples  of  2n/T: 
contributions  from  other  signal  components  are 
suppressed.  The  ideal  operation  has  a  drawback:  a 
signal  component  of  frequency  2n/T  (part  of  a  "basis" 
set)  will  appear  at  the  output  of  the  analyser  but  a 
signal  componviit  at  3n/T  will  be  suppressed.  A  way 
around  this  problem  is  described.  A  strength  of  the 
approach  is  that  spectrum  leakage,  normally 
encountered  when  taking  the  spectrum,  is  rai.-'i^iged. 

Three  methods  to  realize  BAFRAN  have  been 
proposed  but  shortness  of  space  only  allows 
description  of  one.  In  this  method,  multiple  records 
are  averaged  to  suppress  non-basis  components  in  the 
signal.  The  method  is  simple  to  instrument. 

Introduction 

The  area  of  spectrum  estimation  is  a  fascinating 
one  [1-51.  Here  we  will  describe  a  new  estimator  of 
spectrum  which  is,  at  the  present,  looking  for  an 
application. 

We  shall  assume  that  the  signal  f(t)  is  given  by 

os  m 

f(t)  =  a  exp  jw  t  +  £  a  exi)  jw  t 

ki»  -»  k  kj  k2  =  k2  ■  k2 

(1) 

Wk  “  2nkj  /  T  where  kj  is  integer,  ...-2,  -1,  0,  1, 

2....,  and  T  is  a  constant.  K2  is  a  plus  or  minus 
continuous  variable  which  excludes  all  integers. 


The  left  hand  set  of  terms  in  (1)  comprise  what 
is  known  as  a  "basis"  set  determined  by  T;  the  right 
hand  set  of  terms  form  the  non-basis  set. 

The  Continuous  Fourier  transform  is  given  by 

F{w)  -  f(t)  exp  -jwt  dt  (2) 

This  relates  a  continuous  (in  w)  spectrum  to  a 
continuous  (in  t)  signal.  If  f(t)  "  exp  jWj^t, 
F(w)  ■  6(Wj-  w) .  Suppose  we  restrict  the  w  variable 
to  basis  frequencies  only  given  by  »  k  w^,  (k 
integer)  where  w^  »  2ii  /T,  then  we  would  get  a 
"sifted"  spectrum  given,  by 

F(w)  ■  fl(w-wb  if  w^  ■=  k  w  ,  (3) 

1  0 

■  0  for  w  k  w  , 

0 

The  expression  (3)  is  a  true  projection  of  the 
spectrum  on  the  basis  set  of  frequencies.  Bafran 
attempts  to  realize  the  transformation  of  equation  (3) 
using  sampled  signals. 

The  finite  Fourier  Transform  is  obtained  from  (2) 
by  altering  the  limits  and  taking  sampling  into 
account. 

II- 1 

F(k)  «  Y,  f{n)  exp  -j2  Ti(k  (A) 


Using  (A) ,  and  the  mono-component  signal 
f(n)  ”  exp  2nn/L, 

M-1 

F(k)  -  I  ‘  exp  -j2n  (k  -  N/L)  (5) 

n-0  " 

W/L  is  the  normalized  frequency.  If  N/L  is  integer, 
the  monocomponent  signal  is  basis  and  FCH/L)  ••  N, 
F(k  ^  N/L)  =0.  F(k)  is  a  plausible  representation  of 
the  spectrum.  If  N/L  integer,  none  of  the  F(k)  ■ 
0,  k  integer,  and  we  lose  the  precision  in  the 
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representation. 

The  Bafran  Mothod. 

Corresponding  samples  from  several  contiguous 
equal  length  records  are  averaged. 


T  -  y 


Figure  1: 

Block  Diagram  of  apparatus  to  realize  BAFRAN. 

Let  a  typical  signal  component  be 

(n+«)  +  k.  (6) 


n  is  the  sampling  index  which  ranges  from  0  to  N-1.  N 
is  the  number  of  sampling  points  per  record,  and  X,  is 
the  wavelength  (in  sample  points)  of  the 
monocomponent.  M  is  a  record  delay  =  gN, 


Then,  the  sum  of  the  Fourier  transforms  of  G 
records  «  Fouriei  transform  of  the  sura  of  G  records. 


S(k,G)  =r  r  (n.gN)^-j(2nnk)/N)j 

g=0  n=0 

,  j(2iigN)/L)j  j(2nn)(l/L  -  k/N)j 

g=0  n=0 


Term  1 


Term  2.  (7) 


If  N/L  =  integer,  I,  then  S(I,G)  =  GN. 

S(k?‘I,G)  =  0.  If  N/L  is  not  unity,  terra  2  returns  a 

fixed  value  N' ,  where  I  N'  1  <  N.  Term  1  will  be  the 
sura  of  unit  vectors  with  a  modulus  less  than  G. 
Explicitly,  terra  1  is  given  by 


^  j2iigN/L  = 

g=0 


exp  j  ^  (G-l)N 


sin  G  n  (H/L) 
sin  n  (N/L) 


(8) 


Figure  2b  gives  a  plot,  for  G"=51,  of  the  decibel 
magnitude  of  (8)  to  a  base  of  normalized  frequency 
0  =  2iiN/L.  (8)  is  cyclic  and  0  »  0  corresponds  to  a 
basis  frequency.  On  either  side  the  central  lobe 
falls  to  minus  infinity.  (The  plot  is  limited  by 
practical  considerations  to  show  only  -36  db) .  Beyond 
the  lobe,  the  decibel  plot  rises  to  a  pair  of  maxima 
at  -15  dB.  Worst-case  lobe  response  is  -15  db. 


Unequal  record-weights  can  be  used.  Cancellation 
of  non-basis  terms  can  made  more  effective.  For 
example,  triangular  weights  give  worst  case  lobe 
response  =  -28  db. 
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Figure  2  Log  magnitude  equation  8  for  G»51, 
uniform  distribution. 

2a  ■>  weights  for  each  record, 

2b  =  log-magnitude  plot. 


Fractional  signal  frequencies. 

One  can  preraultiply  the  f(n)  with  a  suitable 
dealy.  e.g.  f'(n)  =  f(n)  exp  -j  ^  n.  f'(n)  when 
used  with  Bafran  will  return  an  F'(k')  where  the 
spectrum  will  correspond  to  k'  +  Other  fractional 
frequency  components  can  be  similarly  detected. 


CONCLUSION 

BAFRAN  aims  to  reproduce  a  spectrum  from  a  short 
record  in  which  only  basis  signal  terms  are  included. 
BAFRAN  basically  models  the  signal  as  the  projection 
on  the  basis  set  of  frequencies  of  the  spectrum  for.m 
infinite  extent  exponentials.  Errors  in  spectrum 
estimation  produced  by  "spectrum  leakage"  should  be 
thereby  minimized. 

A  method  has  been  described  which  is  simple  to 
instrument.  We  programmed  the  method  on  a  PDF  11; 
results  were  plausible.  There  is  a  trade-off  between 
the  size  of  the  error  and  the  number  of  records  used 
to  determine  the  spectrum.  Other  methods  could  be 
used  to  realize  the  analyser  but  shortness  of  space 
prohibits  description. 
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Abstract 

The  use  of  airborne  MSS  data  in  contributing  to  the 
understanding  of  the  frontal  systens  and  complex 
circulation  patterns  in  the  estuary  of  the  River  Tay 
in  Scotland  is  described.  Particular  emphasis  is 
placed  on  the  importance  of  the  thermal  infrared  data 
in  the  detection  of  frontal  systems  between  water 
masses  of  different  salinity.  The  presence  of  lines 
of  foam  or  debris  visible  at  particular  states  of  'he 
tide  is  described  and  the  likely  mechanisms  for  the 
formation  of  these  foam  lines  are  discussed. 


1.  Introduction 

A  striking  feature  often  observed  in  estuaries  is  the 
presence  of  lines  cf  foam  or  debris  often  (but  not 
always)  aligned  with  the  flow  patterns  within  the 
waters  of  the  estuary  or  with  the  prevailing  wind. 
It  is  the  purpose  of  this  paper  to  review  some  of  the 
current  knowledge  concerning  the  nature  of  these  foam 
lines  and  to  discuss  in  particular  the  light  which 
study  of  them  throws  on  the  very  complicated  nature  of 
the  circulation  of  discrete  water  masses  of  varying 
salinity  in  the  estuary  of  the  River  Tay  in  Scotland. 


2.  Study  Area 

The  estuary  or  firth  of  the  River  Tay  stretches  for 
approximately  50  km  from  the  City  of  Perth  to  the 
North  Sea.  It  is  navigable  for  ships  of  up  to  20000 
tons  as  far  as  the  City  of  Dundee  and  by  coasters  of 
up  to  2000  tons  to  the  harbour  at  Perth.  The 
catchment  area  of  the  river  extends  to  6500  square 
kilometers  including  some  of  the  highest  ground  in  the 
U.K.  and  this  makes  it  easily  the  river  of  greatest 
fresh  water  flow  in  Great  Britain.  Tidal  currents  in 
the  estuary  can  be  up  to  5  or  6  knots  during  springs, 
the  mean  tidal  range  being  from  4.7  m  (springs)  to 
2.5  m  (neaps'  The  Firth  of  Tay  exhibits  a  wide 
variety  of  waier  types  ranging  from  pure  fresh  low 
suspended  sediment  concentration  (SSC)  water  in  the 
upper  reaches  of  the  estuary  through  brackish  high  SSC 
water  in  the  middle  reaches  to  salt  North  Sea  water  of 
relatively  low  SSC  at  the  mouth.  The  marine  wate^ 
flowing  into  the  estuary  has  a  salinity  of  35  g  1 
compared  to  the  negligible  salinity  of  the  fresh  water 
flow.  The  freshwater  flow  varies  considerably  over 
the  year.  The  average  flow  rate  is  198  a/s  but  the 
maximum  can  rise  to  1550  m'^/s  during  winter  and  ea^ly 
spring  and  the  minimum  can  be  as  low  as  15  m vs 


during  drought  conditions  in  Hay,  June  and  July. 
Mixing  of  the  water  masses  takes  place  but  the 
topography  of  the  estuary  bed  and  extensive  sandbank 
system  can  interfere  with  the  mixing  process  resulting 
in  the  creation  of  discrete  water  masses  of  varying 
salinity  throughout  the  estuary  especially  in  the 
middle  reaches.  The  highest  SSCs  are  observed  in  the 
central  regions  of  the  estuary  where  concei^trations 
can  be  as  high  as  200  mg  1~’  (or  400  mg  1  at  the 
turbidi^  maximum)  compared  to  the  fresh  water_high  of 
10  mg  1^  and  the  salt  i^ater  norm  of  10  mg  1  (with 
an  exceptional  50  mg  l”’  after  storm  conditions). 
Figure  1  shows  the  form  and  topography  of  the  estuary. 
This  paper  will  be  confined  to  discussion  of  the 
frontal  systems  in  the  area  shown  since  this 
represents  the  area  of  greatest  activity.  The  main 
shipping  channel  follows  the  southern  shore  line  as 
far  as  Balmerino,  then  swings  northwards  and  broadens 
towards  the  Rail  Bridge.  A  second  channel  drains  the 
northern  tidal  flats  and  continues  past  the  Road 
Bridge  before  joining  up  with  the  main  channel  off 
Newcome  Shoal. 


ncURE  1.  The  area  studied  is  indicated.  It  covers 
the  middle  reaches  of  the  estuary  and  stretches  from 
the  Road  Bridge  to  Flick  Point. 
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3.  D«t«  icquisitiou 

The  study  area  has  been  included  in  the  NERC  (National 
Environmental  Research  Council)  Airborne  Campaign  each 
year  since  1985.  This  Campaign  uses  a  Piper 
Chieftain  aircraft  fitted  with  a  Daedalus  AADS  1268 
scanner  flown  during  spring,  summer  and  autumn 
periods.  Weather  conditions  have  not  been  too  )iind 
in  this  area  and  so  far  the  most  successful  flights 
over  the  Tay  have  been  those  flown  during  the  autumn 
of  1985  and  the  spring  of  1986.  1988  data  extending 

the  area  of  coverage  while  of  good  quality  is  only 
available  for  low  tidal  conditions  and  is  not  relevant 
to  this  particular  study.  Concurrently  with  the 
remotely  sensed  data  acquisition  water  sanpling  from 
two  boats  was  carried  out.  Near  surface  temperature, 
salinity  and  SSC  was  determined  throughout  the  area  so 
far  as  possible  coinciding  with  each  aircraft  sortie. 
Three  sorties  were  underta)(en  each  year  covering  an 
ebb  tide  in  1986  and  a  flood  tide  in  1985.  Low  cloud 
meant  that  data  for  both  1985  and  1986  was  gathered 
from  a  height  of  600  m.  This  has  the  advantage  that 
a  spacial  resolution  of  1  m  is  achieved  but  the 
disadvantage  thet  many  passes  are  needed  to  cover  the 
area  with  a  resultant  very  large  amount  of  data 
processing. 

4.  Water-truth  Data 

Figure  2  illustrates  the  way  in  which  the  salinity 
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FIGURE  2.  The  upper  graph  indicates  measuremants 
taken  in  autumn  1985  and  the  lower  measurements  taken 
in  the  spring  of  1986. 


varies  with  temperature  for  each  of  the  years  1985  and 
1986.  Each  point  represents  measurements  taken  at  a 
particular  station  chosen  randomly  in  the  study  area. 
It  can  be  seen  that  during  the  autumn  period  in  1985 
the  saltier  the  water  the  colder  it  tended  to  be 
whereas  during  the  spring  period  in  1986  the  salt 
water  tended  to  be  considerably  warmer  than  the  fresh 
or  blackish  water.  Figure  3  shows  plots  of  SSC 
against  salinity  for  the  same  periods.  Although  the 
1986  data  was  taken  on  an  ebb  tide  and  the  salinity 
throughout  t  irea  was  much  less  than  for  the  flood 
conditions  o.  i985  it  can  still  be  seen  in  both  cases 
that  the  highest  SSC's  are  evident  for  the  water  in 
the  middle  of  the  salinity  range.  This  corresponds 
to  the  water  in  the  middle  reaches  of  the  estuary 
which  has  been  subjected  to  turbulent  mixing  and  wave 
action  in  the  vicinity  of  the  the  sand  banks  and  mud 
flats. 
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FIGURE  3.  The  upper  graph  shows  the  way  in  which  SSC 
varies  with  salinity  in  autumn  1985  and  the  lower  the 
variation  in  spring  1986. 


5.  Aircraft  Data 

The  positions  of  the  frontal  systems  marked  by  lines 
of  foam  in  the  study  area  is  illustrated  for  a 
mid-state  of  the  tide  in  each  year  in  figure  4.  It 
should  be  noted  that  the  picture  changes  quite  rapidly 
throughout  the  tidal  cycle  but  that  in  general  the 
areas  of  greatest  foam  line  creation  activity  are 
associated  with  channels  in  the  vicinity  of  sandbanks 
and  that  flood  tide  activity  is  greater  than  ebb  tide 
activity.  The  numbered  fronts  trill  be  referred  to  in 
the  discussion.  The  area  between  the  bridges  was  not 
covered  in  1986  and  the  area  up-estuary  beyond 
Balmerino  was  not  covered  in  1985. 
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nCDU  4.  Th*  pofltion  of  foaa  lioet  are  ehown  for  « 
flood  tide  (upper)  in  autunn  1985  and  for  a  epring 
‘.ide  (loner)  in  spring  1986  two  hours  fron  high  tide. 


6.  Foan  Line  Creation  Mechanisns 

Foam  lines  will  be  created  by  the  bringing  together  of 
suspended  impurities  where  surface  waters  converge. 
Such  convergence  can  be  created  by  a  variety  of 
Dechanisns  including:- 

(1)  Axial  convergence  where  the  driving  necha^isn  is 
the  lateral  density  gradient  caused  by  the  intruding 
tidal  salt  water  during  flood  tide  conditions. 

A  two-celled,  full-depth  secondary  flow  oechanisn  has 
been  proposed  by  Nunes  and  Simpson  which  results  in 
surface  convergence,  down  welling  in  mid-channel  and 
divergence  at  the  bed  in  relatively  narrow  channels. 
Such  foam  lines  would  not  have  associated  with  them  a 
change  of  salinity,  SSC  and  temperature  due  to  the 
presence  of  discrete  water  masses  on  either  side  of 
the  foam  line  and  would  possibly  only  be  present 
during  the  1985  tidal  conditions. 

(2)  Confluencii  of  water  masses  of  differing  density 
caused  by  flow  conditions  near  sandbanks  or  at  the 
edge  of  the  principal  channels. 

A  variety  of  mechanisms  could  be  proposed  here  but  the 
basic  principle  is  that  the  saltier,  denser  water  will 
sink  and  attempt  to  flow  under  the  less  dense  fresh 
water  causing  a  lowering  of  the  surface  at  the  front 
and  resultant  convergence.  It  would  be  expected  that 
the  resultant  foam  line  would  have  a  component  of 
velocity  at  right  angles  to  the  front  but  the  flows 
associated  with  such  density  gradients  are 
considerably  smaller  than  the  tidal  currents  producing 
the  confluence  and  the  line  of  foam  would  be  expected 
to  extend  along  the  interface  of  the  front  in  the 
direction  of  the  current.  Such  foam  lines  would  have 
associated  with  them  changes  in  salinity,  SSC  and 
temperature  across  them. 

(3)  Foam  lines  which  have  become  separated  jrom  the 
mechanism  which  produced  them. 


During  windy  conditions  a  line  of  foam  can  be 
wind-stabilised  and  become  detached  from  the  area 
where  it  is  originated.  Such  a  line  of  foan  would  be 
aligned  with  the  wind  and  would  not  necessarily  be 
associated  with  any  change  in  surface  conditions  in 
its  immediate  vicinity. 

(4)  bangmuir  circulation. 

This  is  a  wind  induced  double  circulation  mechanism 
which  can  lead  to  surface  convergence.  Lines  of  foam 
associated  with  them  are  regularly  observed  aligned 
with  the  wind  direction  in  the  waters  of  lochs  when 
the  wind  strength  exceeds  3-4  m/s.  Such  foam  lines 
would  not  be  associated  with  a  frontal  system  and  are 
usually  associated  with  fairly  still  waters. 

7.  Discussion 

It  has  been  shown  by  Rimmer,  Collins  and  Pattiaratchi 
that  airborne  thematic  mapper  data  can  be  used  to 
quantitatively  detect  changes  in  salinity  as  well  as 
changes  in  SSC.  The  complicated  nature  and  rate  of 
change  of  the  flow  patterns  and  shallowness  of  the 
water  outside  the  channels  in  this  estuary  however 
make  direct  comparison  of  water-truth  data  over  the 
whole  scene  very  difficult.  With  only  two  boats 
available  it  is  not  possible  in  fact  to  gather  a  data 
set  large  enough  in  the  short  tine  available  to  enable 
direct  correlation  with  the  remotely  sensed  data  to  be 
carried  out.  An  alternative  method  for  detecting  the 
frontal  systems  between  water  masses  of  differing 
quality  was  therefore  used.  The  water-truth 
measurements  illustrated  earlier  give  the  picture  of  a 
partially  nixed  estuary  which  has  low  SSC  fresh  water 
in  the  upper  reaches,  low  SSC  salt  water  near  the 
outer  reaches  and  high  SSC  brackish  discrete  water 
masses  in  the  middle  reaches.  In  the  autunn  the 
intruding  salt  water  is  warmer  than  the  injected  fresh 
water  and  the  reverse  is  true  in  the  spring.  The 
brackish  water  masses  will  in  each  case  be  at  an 
intermediate  temperature.  Some  complication  will 
arise  due  to  heating  of  water  flowing  over  solar 
warmed  sand  and  mud  flats  but  it  is  not  thought  that 
this  effect  is  a  large  one  due  to  the  high  flow  rates 
and  large  quantities  of  water  in  the  channel  systems. 
These  observations  show  why  frontal  systems  are 
apparent  in  the  MSS  data.  A  front  between  two  water 
masses  of  differing  salinity  will  show  up  in  the 
thermal  infrared  channel  (11)  with  the  fresher  of  the 
two  water  masses  appearing  as  the  high  temperature 
side  of  the  front  in  the  autumn  and  as  the  colder  side 
of  the  front  in  the  spring.  When  viewed  in  the 
visible  channels  the  side  of  the  front  with  highest 
SSC  will  be  brackish  water  and  the  water  on  the  side 
with  lower  SSC  will  be  either  fresh  (if  warmer  in  the 
autumn  or  colder  in  the  spring)  or  salt  (if  colder  in 
the  autunn  and  warmer  in  the  spring) .  In  this  way  by 
examining  the  images  produced  by  the  data  the 
characteristics  of  the  water  masses  on  either  side  of 
a  frontal  system  can  be  inferred. 

Some  of  the  foam  lines  indicated  in  Figure  4  are 
indicated  as  being  attached  to  a  frontal  system  by  the 
letter  "B".  This  indicates  the  high  temperature  side 
of  the  front  and  allows  the  identification  of  the 
position  of  the  saltier  water  mass.  Only  those 
temperature  differences  are  narked  where  a  significant 
change  occurs  over  the  front.  The  changes  range  fron 
O.l^C  to  3.0°C.  In  these  cases  it  is  suggested  that 
tho  foam  line  is  being  formed  at  the  confluence  of  two 
water  masses  of  differing  salinity.  The  proximity  of 
sandbanks  in  each  case  tends  to  confirm  this  view. 
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Figure  5  shoits  an  inage  taken  from  the  1986  data  .rhich 
illustrates  such  a  confluence  quite  clearly.  In  this 


riGDRK  5.  1  foan  line  forned  on  the  confluence  of  t»o 
water  nasses. 

case  the  warmer  and  therefore  saltier  water  is 
indicated  by  the  letter  "5".  In  order  that  such  a 
fornation  of  a  foan  line  could  be  checked  an  effort 
was  nade  in  the  sunner  of  1987  to  detect  a  frontal 
systen  and  predict  the  position  of  the  fornation  of  a 
foan  line.  At  this  period  of  the  year  (July)  the 
fresh  water  is  warner  than  the  sea  water  and  the 
salinity  and  tenperature  were  neasured  during 
traverses  in  the  vicinity  of  the  foan  line  marked  "I" 
in  Figure  4  one  hour  after  high  water  when  no  evidence 
of  foan  line  production  was  visible  on  the  surface. 
Eventually  the  results  shown  in  Figure  6  were  obtained 
and  within  a  few  ninutes  the  foan  started  to  gather  on 
the  surface  as  illustrated  in  Figure  7.  Heasurenents 
of  salinity  with  depth  on  both  sides  of  the  front 
showed  an  increase  with  depth. 

The  situation  can  be  seen  to  be  quite  complicated  with 
several  foam  lines  appearing  in  the  data  which  do  not 
appear  to  be  connected  with  frontal  systems.  It  is 
certainly  the  case  that  in  places  in  the  data  a  line 
of  foam  can  be  seen  to  be  wind-dissociated  from  a 
frontal  systen  but  in  general  a  certain  amount  of 
disruption  of  the  line  is  visible.  The  greater 
frequency  of  the  foan  lines  in  the  1985  flood-tide 
data  is  suggestive  of  the  likely  occur- ance  of  axially 
convergent  fronts  forming  at  this  state  of  the  tide. 
The  position  of  such  a  systen  is  likely  .uarked  by  the 
position  of  the  foan  lines  marked  2  in  mid  channel 
near  the  West  Naughton  bank  since  these  do  not  appear 
during  the  ebb-tide.  Similarly  the  foam  line  marked 
3  off  Newport  is  a  likely  candidate.  It  is  not 
impossible  however  that  an  axially  convergent  system 
could  happen  on  an  ebb  tide  under  the  right 
conditions.  HcHanus  has  shown  that  it  is  possible  for 
a  mass  of  s-alt  water  to  penetrate  up-estuary,  traverse 
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riGUKK  6.  Results  taken  during  a  traverse  across  a 
front  are  shown. 


riGDRK  7.  A  foam  line  forming  on  the  front 
illustrated  hy  Figure  6. 

the  estuary  and  return  seaward  on  the  ebb.  Such  a 
mechanism  cannot  at  present  be  ruled  out  in  the  case 
of  fronts  4  since  increases  in  salinity  have  been 
observed  during  ebb  tide  conditions  at  Newport  Pier. 

Given  the  high  flow  rates  in  the  channels  where  most 
of  the  foam  line  production  takes  place  and  the 
absence  of  any  foam  lines  in  the  data  so  far  obtained 
in  the  upper  reaches  of  the  estuary  where  little  or  no 
salt  water  intrusion  takes  place  it  is  not  possible  to 
identify  the  existence  of  Langmuir  circulation  cells 
in  the  estuary  from  the  MSS  data.  In  fact  given  the 
scarcity  of  foam  lines  during  slack  water  conditions 
this  can  probably  be  rejected  as  a  major  mechanism 
within  the  estuary  for  the  present. 

8.  Conclusions. 

It  has  been  demonstrated  that  the  channel  11  MSS  data 
in  particular  can  be  used  to  demonstrate  the  presence 
of  frontal  systems  associated  with  the  foam  lines 
detected  in  the  visible  data.  Two  types  of 
mechanisms  are  proposed  as  being  the  main  contributors 
to  foam  line  production  -  axially  convergent  systems 
present  when  a  mass  of  salt  water  intrudes  into  a 
channel  of  fresher  water  (principally  on  the  flood 
tide  but  exceptionally  on  the  ebb  tide)  and  confluence 
systems  where  two  water  masses  of  different  salinity 
are  brought  together  during  flood  or  ebb  conditions, 
the  controlling  mechanism  being  the  flow  pattern 
generated  by  sandbanks  or  bottom  topography. 
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ABSTRACT 


As  part  of  a  comprehensive  estuarine  management  program  being  administered 
by  the  U.S,  Environmental  Protection  Agency  (EPA),  the  nearshore  habitats  of 
the  Puget  Sound  area  are  being  inventoried  through  the  use  of  remote  sensing 
technologies.  This  inventory,  performed  at  the  EPA's  Environmental  Monitoring 
Systems  Laboratory  in  Las  Vegas,  Nevada,  utilizes  aircraft -borne  multispectral 
scanner  (MSS)  data  to  classify  marine  and  estuarine  habitats  of  the  intertidal 
zone. 


Classification  protocols  developed  at  a  test  site,  the  Dungeness  Bay  area, 
are  detailed.  A  variety  of  pre-classification  and  classification  techniques 
are  investigated  at  this  site,  for  purposes  of  identifying  an  "optimal"  set  of 
procedures.  These  techniques  include  principal  components  analysis,  masking  of 
raw  data  to  eliminate  extraneous  information,  classifications  using  combinations 
of  principal  components  output  channels  and  raw  data,  as  well  as  supervised, 
unsupervised,  and  hybrid  classification  approaches.  Additionally,  the  feasibility, 
procedures,  and  costs  of  transferring  the  results  of  the  classification  to  a 
GIS  system,  for  storage,  display,  and  further  analysis  of  the  habitat  information, 
are  discussed. 

Protocols  developed  at  the  Dungeness  site  will  be  extrapolated  to  additional 
t  St  sites  for  further  refinement,  and,  ultimately,  will  be  applied  to  over  a 
large  portion  of  the  Puget  sound  area. 
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Abstract 

The  use  of  Landsat  Thematic  Mapper  data  for  mapping  and  monitoring  of 
water  quality  in  the  Oslofjord  area  in  southern  Norway  have  been 
tested.  The  test  area  comprises  a  mixture  of  polluted  fresh  water 
with  different  optical  properties  and  sea  water  which  sometimes  has 
high  algal  concentrations.  In  situ  optical  as  well  as 
traditional  water  quality  parameters  have  been  measured  and 
compared  with  satellite  data.  Different  models  and  water 
classifications  methods  have  been  tested.  Some  of  the  results  and 
conclusions  of  the  possibilities  of  using  satellite  data  in  pollution 
monitoring  programs  is  presented. 

Models  expressing  the  relationship  between  water  quality  parameters 
and  satellite  data  have  been  established.  Mainly  linear  models 
have  been  tested  and  significant  correlations  were  found  for  the  light 
beam  attenuation  coefficients,  secchi  depth,  turbidity  and  suspended 
sediments.  The  in  situ  optical  parameters  did  not  correlate  with 
satellite  significantly  better  than  the  water  quality  parameters. 
TM  band  1  and  3  usually  contributed  most  to  explain  these 
parameters,  but  the  other  bands  could  also  contribute  to  the  models. 
Classification  methods  gave  no  new  information  compared  with  the 
modelling.  The  distribution  of  the  polluted  river  water 
are  easily  seen  and  correlated  with  the  satellite  data.  Algal  blooms 
where  sometimes  difficult  to  interpret,  but  during  a  sommer  situation 
interesting  information  of  algal  patchiness  at  the  boundary  to  the 
nutrient-rich  river  water  where  detected. 
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Abstract 

The  use  of  Landsat  Thematic  Mapper  data  for  mapping  and  monitoring  of 
water  quality  in  the  Oslofjord  area  in  southern  Norway  have  been 
tested.  The  test  area  comprises  a  mixture  of  polluted  fresh  water 
with  different  optical  properties  and  sea  water  which  sometimes  has 
high  algal  concentrations.  In  situ  optical  as  well  as 
traditional  water  quality  parameters  have  been  measured  and 
compared  with  satellite  data.  Different  models  and  water 
classifications  methods  have  been  tested.  Some  of  the  results  and 
conclusions  of  the  possibilities  of  using  satellite  data  in  pollution 
monitoring  programs  is  presented. 

Models  expressing  the  relationship  between  water  quality  parameters 
and  satellite  data  have  been  established.  Mainly  linear  models 
have  been  tested  and  significant  correlations  were  found  for  the  light 
beam  attenuation  coefficients,  secchi  depth,  turbidity  and  suspended 
sediments.  The  in  situ  optical  parameters  did  not  correlate  with 
satellite  significantly  better  than  the  water  quality  parameters. 
TM  band  1  and  3  usually  contributed  most  to  explain  these 
parameters,  but  the  other  bands  could  also  contribute  to  the  models. 
Classification  methods  gave  no  new  information  compared  with  tlie 
modelling.  The  distribution  of  the  polluted  river  water 
are  easily  seen  and  correlated  with  the  satellite  data.  Algal  blooms 
where  sometimes  difficult  to  interpret,  but  during  a  sommer  situation 
interesting  information  of  algal  patchiness  at  the  boundary  to  the 
nutrient-rich  river  water  where  detected. 
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ABSTRACT 

In  this  paper,  we  present  some  preliminary 
results  obtained  by  using  a  system  able  to 
integrate  data  provided  by  remote  sensing 
stations  and  oceanographic  ones. 

The  aim  is  to  monitor  the  total  suspended- 
matter  content  of  sea-water  (i.e.,  sea¬ 
water  quality). 

Attention  is  focused  on  some  image- 
processing  tools,  the  final  purpose  being 
the  creation  of  a  sea-water  quality  map 
based  on  Landsat  data. 

A  segmentation  technique  using  rank-order 
operators  is  presented:  it  allows  a 
simultaneous  analysis  of  data  provided  by 
different  Landsat  spectral  bands. 

Results  are  discussed,  and  the  work 
currently  in  progress  on  the  fusion  of 
such  results  with  those  of  an 
oceanographic  analysis  is  described. 

KEYWORDS:  data  fusion,  image  segmentation, 
sea-water  quality. 

INTRODUCTION 

Due  to  its  close  proximity  to  urban  and 
industrial  areas,  sea-water  is  subject  to 
increasing  pollution. 

Remote-sensing  techniques  are  powerful 
investigation  tools  for  rapidly  acquiring 
data  and  information  about  sea-water 
quality  and  coast  dynamics. 

Such  techniques  make  it  possible  to  carry 
out  the  following  geological  and 
environmental  investigations: 

-  study  of  sea-water  quality  in  relation 
to  river  discharges  and  to  the  influence 
of  densely  populated  areas; 

-  dispersion  of  sediments  from  river 
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-  monitoring  of  coast  urbanization; 

-  extension  and  erosion  of  shores  as  a 
consequence  of  coast  dynamics  (currents 
and  wave  motion); 

-  mapping  of  submerged  vegetation. 

In  order  to  study  coastal  environments, 
some  methodologies  have  been  developed 


that  are  able  to  utilize  multiple-sensor 
images  acquired  by  a  satellite. 

Such  techniques  constitute  the  main 
investigation  tools,  which  should  be 
calibrated  and  supported  by  "in  situ" 
measurements . 

In  this  paper,  we  present  some  preliminary 
results  concerning  a  system  for  the 
integration  of  oceanographic  data  on  the 
total  suspended-matter  content  of  the  sea 
(as  well  as  on  the  differentiation  of  such 
content  between  organic  and  mineral 
substances),  into  data  provided  by  high- 
resolution  satellite  images  (e.g.,  Spot 
and  Landsat  sensors). 

The  main  objectives  of  this  research  are: 

-  to  complete  the  information  derived  from 
"in  situ"  measurements  on  dispersion  and 
accumulation  of  sediments,  evaluating 
the  surface  distribution  of  these 
materials  to  a  better  approximation; 

-  to  interpret  the  satellite  images,  on 
which  maps  of  the  total  suspended-matter 
content  of  coastal  waters  are  based. 

Integration  of  "in  situ"  measurements  into 
remote-sensing  data  seems  to  be  the  best 
procedure  for  monitoring  the  quality  of 
coastal  waters. 

A  first  problem  to  be  solved,  when  working 
on  different  kinds  of  images,  is  posed  by 
the  different  resolutions  for  such  images. 
Hence,  we  have  to  adjust  data  in  order  to 
reach  the  same  resolution  for  each  image. 
The  major  problem  is  one  of  obtaining  a 
symbolic  description  (e.g.,  by  the 
segmentation  process)  of  a  scene  acquired 
by  multiple  sensors. 

In  other  words,  we  must  analyze  the 
properties  of  each  pixel  in  the  different 
images,  and  try  to  merge  them 
appropriately  (by  a  data-fusion  approach), 
if  their  values  afe  within  a  predefined 
narrow  range,  thus  obtaining  regions  with 
uniform  characteristics. 

Toward  this  end,  we  have  developed  a 
segmentation  technique,  that  is  based  on 
rank-order  operators  (Zamperoni,  1988], 
and  that  groups  neighbouring  pixels  with 
similar  spectral  properties,  examining  the 
local  histograms  of  each  image. 
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The  output  of  this  process  (i.e.,  division 
of  the  observed  zone  into  some  regions) 
constitutes  the  basis  for  the  construction 
of  a  sea-water  map. 

In  the  following,  the  segmentation 
algorithm  is  described,  and  some  results 
are  repotted,  that  have  been  obtained  by 
working  on  Landsat  images  of  the  Ligurian 
Sea . 

Moreover,  a  comparison  with  oceanographic 
data  IS  made,  and  the  research  work 
currently  being  done  on  the  integration  of 
all  such  data  is  outlined. 

METHOD  OF  ANALYSIS 

The  first  processing  step  is  aimed  at 
reducing  the  noise  at  high  spatial 
frequency  that  affects  Landsat  images. 

In  the  present  application  (i.e.,  analysis 
of  sea-water),  no  fine  details  are  present 
so  that  we  can  try  to  eliminate  noise 
effects,  without  addressing  the  problems 
that  usually  arise  from  smoothing  edges  or 
thin  structures. 

Many  smoothing  techniques  operate  in  such 
a  way  as  to  generate  new  grey  levels:  this 
characteristic  must  be  regarded  as  a 
drawback . 

In  fact,  for  image  segmentation  purposes, 
no  new  grey-level  values  should  be 
generated  by  the  operators  used. 

The  path  followed  to  meet  this  requirement 
leads  to  use  rank-order  operators,  which 
have  proved  very  useful  in  image 
smoothing. 

In  particular,  a  well-known  example  of 
this  kind  of  filters  for  applications  to 
image  processing  is  the  median  filter. 

We  focused  our  attention  on  the  so-called 
"representative  grey  value"  (RGV),  which 
can  be  determined  by  analyzing  the  local 
grey-level  histogram. 

The  algorithm  works  as  follows: 

-  an  n*n  square  proces'ing  window  is 
considered  for  each  pixel  in  the 
original  image; 

-  a  histogram  is  derived  from  the  grey 
values  of  the  pixels  belonging  to  the 
window; 

-  the  RGV  is  extracted  from  the  histogram, 
and  replaces  the  grey  level  of  the 
central  pixel  in  the  window. 

Roughly  speaking,  the  RGV  may  be  regarded 
as  the  grey  level  associated  with  the 
maximum  of  the  histogram. 

If  there  is  no  single  maximum,  the 
algorithm  performs  a  local  analysis  in  the 
neighbourhood  of  each  maximum:  the  maximum 
whose  mode  contains  more  pixels  than  the 
others  is  taken  as  the  RGV. 

This  procedure  allows  a  sensible  noise 
reduction,  together  with  a  notable  edge 
enhancement . 

At  this  point,  the  segmentation  step  is 
performed  by  a  data-fusion  approach. 

In  the  present  application,  we  employ  a 
region-growing  operator  that  analyzes  a 
larger  number  of  different  data  (i.e., 
images ) . 

The  basic  idea  of  the  region-growing 
operation  is  to  make  a  region  growth 


around  its  starting  points,  applying  a 
computed  threshold  to  make  comparisons 
between  the  pixel  under  investigation  and 
the  neighbouring  ones. 

These  comparisons  allow  the  pixel  to  be 
properly  labelled. 

In  our  opinion,  the  use  of  a  single 
threshold  for  the  whole  image  might  be 
regarded  as  a  drawback,  which,  in  our 
system,  can  be  overcome  by  means  of 
locally  computed  thresholds. 

Data  coming  from  the  different  spectral 
bands  are  utilized  in  a  parallel  way  in 
order  to  label  pixels. 

The  whole  approach  may  be  viewed  as  a  kind 
of  low-level  data  fusion. 

In  more  detail,  the  proposed  system  works 
as  follows: 

-  each  input  image  is  divided  into  square 
processing  windows  of  32x32  pixels;  this 
window  dimension  is  a  good  compromise 
between  a  short  running  time  (which 
requires  a  larger  window  dimension)  and 
the  need  for  carrying  out  an  analysis 
that  is  as  local  as  possible  (which 
requires  a  smaller  wi.idow  dimension); 

-  for  each  processing  v/indow,  a  grey-level 
histogram  is  computed,  and,  for  each 
histogram,  the  main  peaks  are  singled 
out.  As  a  consequence,  a  threshold  is 
computed  between  each  pair  of  adjacent 
peaks  (in  this  sense,  we  can  say  that 
each  pixel  is  located  between  its  two 
thresholds);  this  peculiarity  is  typical 
for  each  input  image.  The  use  of  a 
different  pair  of  thresholds  for  each 
pixel  is  a  nov'ilty,  and  represents  an 
adaptive  characteristic  of  the 
algorithm; 

-  each  pixel  is  labelled  according  to  its 
thresholds  to  allow  comparisons  between 
the  pixel  being  labelled  and  its 
neighbouring  pixels  that  have  already 
been  labelled.  Such  comparisons  may  give 
rise  to  some  different  situations: 

-  the  pixel  may  be  regarded  as  the 
starting  point  of  a  new  region  (new 
label); 

-  the  pixel  belongs  to  an  adjacent 
region  (propagation  of  an  existing 
label ) ; 

-  the  pixel  acts  as  a  "bridge"  between 
two  different  regions  (merging  of 
these  two  regions  and  inclusion  of  the 
current  pixel  in  the  .resulting 
region) . 

The  outcome  of  the  segmentation  process 
is  a  large  number  of  small  regions; 
therefore,  a  merging  step  is  required; 

-  to  perform  the  merginj  step,  each 

located  small  region  is  examined,  and 
may  be  merged  into  a  larger  one  if  some 
similarity  criteria  are  complied  with. 
Subsequently,  more  restrictive 

similarity  criteria  are  considered  and 
applied  to  merge  regions  with  quite 
large  areas. 

All  these  criteria  are  derived  from  the 
information  available,  without  weighting 
different  parameters  in  different  ways. 
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This  allows  small  regions  to  be  preserved, 
even  when  the  significance  of  a  small 
region  Is  based  on  only  one  parameter. 

RESULTS 

The  described  algorithms  have  been  used  to 
analyze  a  Landsat  MSS  Image  of  the 
Ligurian  Sea  (Fig.  1  presents  the  global 
scene).  In  the  following,  we  consider  a 
zone  around  the  estuary  of  the  Arno  river. 
To  analyze  sea-water  quality,  we  have 
utilized  bands  1  and  2:  because  of  the  low 
resolution  in  the  grey  levels  of  the  sea¬ 
water  (about  20  levels),  we  have  changed 
the  grey  scale  to  facilitate  visual 
analysis  by  a  human  operator. 

Figs.  2  (band  1)  and  3  (band  2)  show  the 
zone  examined. 

Region-growing  segmentation  has  been 
performed  after  the  filtering  step, 
worltlng  simultaneously  on  the  two  Images: 
It  has  furnished  the  map  displayed  In  Fig. 
4. 

The  present  approach  requires  a  very  short 
running  time:  globally.  It  taltes  about  one 
minute  of  CPU  time  on  a  Hewlett  Pac)<ard 
835  TurboSRX  wor)(statlon . 

CONCLUSIONS 

The  proposed  data-fuslon  approach  to  Image 
segmentation  has  proved  a  powerful  tool 
for  low-level  analysis  of  remotely  sensed 
Images . 

The  system  presented  in  this  paper  is  the 
first  step  towards  the  Integration  of 
oceanographic  data  Into  remote-sensing 
Images,  the  aim  being  the  monitoring  of 
sea-water  quality. 

At  present,  we  are  wor)cing  on  such 
Information  fusion,  utilizing  both  the 
results  obtained  by  the  segmentation 
process  and  data  coming  from  oceanographic 
campaigns  (Fig.  5  gives  an  example  of  this 
)clnd  of  data  for  the  same  zone  as  in  Figs. 
3  and  4 ) . 

Future  developments  will  concern  the 
analysis  and  Integration  of  pictures  taken 
in  different  seasons,  or  provided  by 
different  sensors  (e.g..  Spot,  SAR,  etc.). 
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Fig.  1.  The  global  Landsat  MSS  Image  of 
the  Ligurian  Sea  used  In  testing 
the  system.  An  expansion  of  the 
grey  scale  has  been  performed  to 
facilitate  visual  analysis  by  a 
human  operator. 


Fig.  2.  A  portion  of  the  Image  In  Fig.  1: 

it  represents  the  escuary  of  the 
Arno  river  (band  1). 
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ABSTRACT 

Many  of  today's  typical  airborne  or  spaceborne 
remote  sensing  devices  are  of  limited  use  in 
studying  soils  and  wetland  sediments  because 
most  of  these  devices  are  relatively  surface- 
oriented.  In  wetland  environments,  not  only 
is  the  subsurface  inaccessible,  but  the 
sediment  surface  is  also  obscured  by  a  layer 
of  water.  The  Naval  Ocean  Research  and 
Development  Activity  recently  developed  a 
helicopter  airborne  electromagnetic  (AEM) 
system  for  mapping  bathymetry  in  shallow  marine 
environments,  but  this 'system  also  has  utility 
in  assessing  a  number  of  physical  properties 
of  both  the  water  and  underlying  sediment.  The 
system  contains  an  electro-magnetic  source  for 
the  production  of  multi-frequency  eddy  currents 
in  the  underlying  water  and  sediment  material, 
a  receiver  for  detection  of  secondary  electro¬ 
magnetic  fields  produced  by  the  primary  cur¬ 
rents,  and  a  recording  system  to  measure  the 
in-phase  and  quadrature  levels  of  the  secondai^ 
currents.  Inversion  techniques  are  used  to 
determine  a  variety  of  variables  including 
depth  of  water,  water  and  sediment  conduct¬ 
ivities,  and  sediment  density  and  porosity. 
This  study  gathered  and  analyzed  AEM  data  for 
a  region  around  Cape  Lookout,  North  Carolina. 
Preliminary  results  Illustrate  great  promise 
for  the  AEM  as  a  tool  to  map  bathymetry  and 
characterize  at  least  some  physical  properties 
of  water  and  submerged  materials. 

(Keywords:  electromagnetic  method,  bathymetry, 
salinity) 


INTRODUCTION 

The  method  as  discussed  in  this  study,  often 
referred  to  as  the  induction  electromagnetic 
(EM)  method  in  mining  geophysics,  involves  the 
propagation  of  a  time-varying  low-frequency  EM 

in  its  early  forms  started  in  the  beginning 
part  of  this  century  and  has  been  applied  to 
a  variety  of  geological  problems. 

Typically,  and  especially  early  on,  only  single 
frequencies  were  used.  Later,  wlde-band  multi¬ 
frequency  sources  were  employed  (Ryn  et  al., 
1972,  and  Ward  et  al.,  1977).  Drawbacks  of 


such  systems  employing  multiple  frequencies  is 
that  each  frequency  requires  separate 
oper^ition,  making  it  difficult  to  acquire 
simultaneous,  multi-frequency  data  from  a 
moving  platform.  Therefore,  initial  efforts 
to  make  such  a  system  airborne  were  through  the 
use  of  only  one  frequency  (Fraser,  1978). 
Multi-frequency  systems  soon  followed,  such  as 
the  one  used  by  Won  and  Smits  (1986)  for  early 
studies  in  bathymetric  charting  of  shallow 
m&ri*^c  cnvironmonts . 

In  response  to  these  findings  by  Won  and  Smits, 
the  Navy  built  a  multi-frequency  (three 
frequencies  tunable  between  90  and  4050  Hz) 
system  with  fast  frequency  -  multiplexing  and 
power-switching  to  enable  data  acquisition  from 
a  moving  helicopter  platform.  While  this 
system  was  primarily  developed  for  depth 
charting  purposes,  much  can  be  learned  about 
subsurface  soil  and  sediment  properties  in  very 
shallow,  inundated  environments  such  as 
marshes,  swamps  and  beat  bogs.  Further 
analysis  Indicated  the  ability  to  penetrate  the 
submerged  sediments  and  determine  some  sediment 
physical  properties  as  well. 

This  study  acquired  AEM  data  over  a  coastal 
region  of  North  Carolina  near  Cape  Lookout  with 
the  recently  developed  NORDA  AEM  system  as  part 
of  a  collaborative  prototype  testing  program. 
This  paper  will  present  some  of  the  preliminary 
results  from  that  testing  progr£un  as  a  means 
to  begin  an  evaluation  of  the  utility  of  the 
sensor's  ability  to  measure  water  depths  in 
shallow  marine  environments  as  well  as  to 
characterize  a  number  of  water  and  submerged 
sediment  physical  properties. 

APPROACH 

Site  Description-The  study  site  for  this 
investigation  is  located  South  of  the  Pamlico 
Sound  near  the  city  of  Beaufort,  North  Carolina 
and  extending  seacard  around  Cape  Lookout  -  The 
area  is  dominated  by  two  barrier  island  chains, 
coming  together  at  a  near  right  angle  to  form 
Cape  Lookout,  a  migrating  recurved  spit 
enclosing  a  quiet  water  lagoon.  This  lagoon 
serves  as  a  sediment  trap  for  fine-grained 
clays  and  organic  rich,  suspended  particles 
exiting  to  the  ocean  from  the  Back  Sound. 
Sediment  types  vary  from  predominantly  organic 
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materials  and  clays  near  the  marshy  regions  to 
sand  in  the  Back  Sound  to  sands  and  gravelly 
materials  on  the  ocean  side. 

The  Back  Sound  is  a  relatively  shallow  area 
behind  the  barrier  island  averaging  about  three 
feet  in  depth  at  mean  low  water,  but  ranging 
from  emergent  Snartina  alterniflora  marshes  to 
natural  and  man-made  channels  up  to  about  25 
feet  in  depth.  The  ocean  side  of  the  barrier 
island  drops  to  40-50  feet  in  depth  within  a 
mile.  Data  for  this  study  were  collected  up 
to  60  feet  depth  several  miles  off  the  coast. 
Salinity  of  the  water  ranges  from  brackish  near 
the  small  upland  drainage  rivers  to  saline  in 
the  Back  Sound  and  in  the  ocean. 

System  Specifications  and  Data  Acouisition- 
System  electronics  are  composed  of  sensor 
electronics  (e.g.,  transmitter,  receiver, 
bucking  coils)  and  onboard  aircraft  electronics 
(e.g.,  signal  processor,  graphic  printer, 
display,  recorder,  and  calibration).  For  this 
study  we  employed  the  270,  870  and  4050  Hz 
frequencies  since  we  wanted  to  focus  on  the 
more  shallow  regions  of  study  site  and  the 
higher  frequencies  provide  for  more  shallow 
field  penetration.  Data  wao  acquired  in-piiase 
and  out-of-phase  at  the  three  frequencies. 

The  helicopter  system  was  flown  at  a  speed 
averaging  70  knots  at  a  height  of  around  250 
feet  based  on  altimeter  readings .  A  towline 
kept  the  sensor  suspended  about  100  feet  below 
the  center  of  the  aircraft  averaging  a  distance 
of  approximately  150  feet  between  the  water  or 
land  surface  and  the  sensor.  The  data  rate  was 
set  at  30  readings  per  second  and  preprocessed 
to  produce  an  average  reading  per  second.  The 
resulting  data  produces  a  resolu-tion  size  of 
30-40  m  across  track  (dependent  upon  frequency 
and  sensor  height).  Along  track,  the 
resolution  can  be  considerably  better 
(dependent  upon  data  acquisition  speed  and 
sampling  rate).  The  system  was  calibrated  for 
baseline  drift  at  a  height  of  1500  feet. 
Maximum  drift  rates  typically  did  not  exceed 
5  ppm  per  hour. 

Flight  Line  Desion-More  than  300  km  of  flight 
lines  were  flown  in  a  series  of  equi-spaced 
parallel  transects  approximately  250  m  apart. 
An  almost  near  North-South  orientation  was 
chosen  for  the  flight  lines  to  minimize  Earth's 
natural  magnetic  forces  within  a  line. 

The  lines  were  designed  to  cross  gradients  in 
salinity,  topography /bathymetry,  and  sediment 
type  (e.g.,  organic  vs.  mineral).  Two  focal 
areas  were  chosen  for  illustration  in  this 
paper.  The  first  is  an  approximately  16  km 
line  flown  from  a  shallow  brackish  region  in 
the  North  River  southward  across  channels, 
marshes,  the  barrier  island  and  into  the  open 
ocean.  The  other  focal  area  encompasses  the 
Lookout  Bight  which  demonstrates  quick  and 
highly  variable  changes  in  bathymetry  and 
sediment  type. 

A  mini-ranger  system  was  employed  for  geoposi¬ 
tioning  the  data.  Three  transmitting  stations 
were  strategically  located  across  the  test  site 
and  the  receiver  was  placed  onboard  the 
helicopter.  Geographic  coordinates  were 
recorded  and  merged  with  the  ABM  data  to 


provide  locational  information  for  the  measured 
data  on  a  per  second  basis . 

Data  Processing-Data  inversion  techniques 
similar  to  the  classic  Newton-Raphson  method 
were  employed.  In  this  initial  evaluation  of 
data  from  the  prototype  AEM  system,  the 
following  five  variables  were  derived:  1)  water 
depth;  2)  water  conductivity;  3)  sediment 
conductivity;  4)  sediment  density;  and  5) 
sediment  porosity. 

RESULTS 

Figure  1  illustrates  data  from  the 
approximately  16  km  long  North-South  line 
(right  to  left  in  the  graph)  extending  from  the 
North  River  out  into  open  ocean.  Notice  the 
shallow  bathymetry  in  the  northern  section  of 
the  line  and  the  channels  as  one  approaches  the 
barrier  island.  "0"  readings  for  depth 
indicate  emergent  land.  Bathymetry  drops 
quickly  on  the  ocean  side  and  illustrates  many 
small  shoals.  Water  conductivity  and  sediment 
conductivity  exhibit  wide  ranges  in  variation 
in  the  more  shallow  regions  of  the  Back  Sound 
and  marshy  areas  than  on  the  ocean  side.  The 
heterogeneous  sediment  types  and  shallow  depths 
cause  much  of  this  variation.  Water  in  shallow 
tidal  pools  were  measured  up  to  5 '  C  higher  in 
temperature  and  2-3  times  higher  in 
conductivity  than  water  in  more  open  areas 
because  of  the  impact  from  the  heat  of  the  sun 
and  evaporation  in  these  places .  The  open 
ocean  water  is  more  homogeneous  in  composition 
as  is  the  ocean's  sediment  composition. 

Figure  2  illustrates  water  depth  measurements 
for  four  consecutive  transects  cutting  across 
the  Cape  Lookout  Bight.  2a  illustrates  each 
transect  independently.  The  "X’s"  indicate 
ground  truth  depth  measurements  from  1:40K 
scale  bathymetric  maps.  Correlation  appears 
exceedingly  good  between  the  AEM  measurements 
and  ground  truth  except  for  a  small  segment 
within  one  of  the  cavernous  features  along  line 
122.  We  feel  that  the  AEM  measurements  are 
probably  a  more  accurate  depiction  of  the 
actual  depth  at  the  time  of  acquisition  since 
the  map  indicates  that  this  is  a  very  unstable 
region  of  rapidly  changing  shoals.  2b  provides 
a  somewhat  better  3-dimensional  perspective  of 
the  region. 
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Figure  1.  Three  inversion  technique  -  derived  variables  -  depth  of  water  at  acquisition,  water  conductivity,  and 
sediment  conductivity  -  for  line  301  depicted  along  a  latitudinal  gradient  on  the  X-axis. 
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Figure  2.  Inversion  technique  -  derived  depth  of  water  at  acquisition  variable  for  four  consecutive  transects 
through  Cape  Lookout  Bight.  "X's"  indicate  ground  truth  depth  values  as  determined  by  NOAA  1:40K 
bathymetric  maps  in  2a.  2b  provides  a  three-dimensional  perspective  of  these  same  four  transects. 
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Abstract  :• 

Bathymetry  retrieval  by  satellite 
remote  sensing  in  case  II  waters  was  found 
ineffecient  using  the  existing 

relationships  between  attenuation 

coeffecient  of  water,  bottom  reflectance, 
total  incident  radiation  and  upwelling 
radiance.  A  study  in  the  case  II  waters  off 
Paradip,  Bay  of  Bengal,  where  average 
diffused  attenuation  coefficient  k(0.55um) 
=  0,45  per  meter)  showed  a  linear 

relationship  between  the  reflectance 

(R)  and  the  bottom  depth  (D).  In  the 
present  work  a  satellite  synchronous  sea 
truth  study  was  made  to  develop  a 

relationship  between  reflectance  (R) 

and  depth  (D)  to  predict  near  shore 

bathymetry  using  a  statistical  correlation. 
In  this  procedure  we  deviate,  from  the 
routinely  used  deep  water  signal 
subtraction  method  for  atmospheric 

correction,  by  augmenting  it  using  the  clear 
water  radiance  approximation.  This  algorithm 
can  be  applied  to  coastal  waters  where  the 
attenuation  coeffecient  is  around  0.5  per 
meter  at  0.55  um. 

Some  byproducts  of  this  study  are  : 

(a)  an  indication  of  the  probable  loss  in 
the  sensitivity  of  TM  bands  (b)  suitability 
of  band  II  (0.57um)  in  presence  of  diverse 
atmospheric  constituents.  In  the  present 
study  we  have  attempted  to  use  a  general 
value  for  Angstrom  exponent  for 
determination  of  aerosol  optical  thickness 
which  can  be  applied  over  both  marine  and 
coastal  environments  The  results  have  been 
very  encouraging. 

Keywords:  Ref lectance, bottom  depth.  Angstrom 
exponent,  sensitivity,  TM  calibration. 

Introduction: 

Bathymetry  charting  in 
particular  is  very  time  consuming  and 
expensive  as  there  is  a  need  for  soundings 
to  properly  delineate  the  depth  variations 
due  to  rocks, shoals  and  sediment  which  are 
potential  navigational  hazards.  With  the 
advent  of  satellites  intense  interest  have 
beeen  shown  in  remote  sensing  methods  to 


compliment  or  replace  conventional  methods 
and  monitoring  changes  in  nearshore 
topography.  Essentially  the  passive  remote 
sensing  technique  depends  upon  finding  a 
relationship  between  the  measured  water 
depth  and  reflected  radiance. 

Hallada  (1984)  has  shown  that 
Landsat  4  and  5  have  good  capability  for 
mapping  bathymetry  and  bottom  cover, 
particularly  in  clear  ocean  areas.  The 
maximum  detectable  water  depth  with  his 
algorithm  was  21m  in  the  blue  band.  He 
concludes  that  variations  in  water 
attenuation  properties  dominated  residual 
errors  in  predicted  water  depths  less  than 
8m.  The  success  of  remote  bathymetry  further 
lies  in  the  water  extinction  coefficient.  In 
clear  water  (extinction  coefficient  =  0.068 
m'l )  depths  upto  22m  could  be  measured 
reliably  and  signals  from  40m  depths  could 
be  differentiated  sometimes  from  deep  water 
signals  that  are  due  to  scattering  only 
(Polycn,  1976). 

Most  of  the  earlier  workers 
have  proposed  bathymetry  retrieval 
algorithms  for  clear  waters  (case  I),  but 
majority  of  coastal  waters  fall  in  case  II 
where  suspended  sediments  and  dissolved 
organic  matter  dominate  and  interfere  in  the 
upwelling  signal.  There  was  an  immediate 
need  for  bathymetry  retrieval  algorithm 
development  in  coastal  waters  (case  II).  We 
have  attempted  to  study  the  reflectance  of 
coastal  waters  of  Paradip,  India  and  present 
an  algorithm  for  bathymetry  retrieval.  Sea- 
truth  collections  were  performed  synchronous 
to  Landsat  (139-046)  pass  over  Paradip. 
Depth  and  water  quality  parameters  were 
collected  using  a  pilot  boat  of  the  port 
authorities.  Water  samples  were  analysed  for 
chlorophylls  and  suspended  sediment 
concentrations.  A  relationship  was  developed 
using  fiftynlne  depth  points  out  of  which 
nine  were  collected  synchronous  to  the 
satellite  pass  and  the  rest  were  extracted 
from  a  recent  hydrographic  chart  and 
corresponding  atmospherically  corrected 
reflectance  values  from  Landsat  TM  Band 
2.  We  have  deviated  from  the  usual  practise 
of  employing  the  deep  water  signal 
subtraction  in  the  atmospheric  correction 
procedure  as  substantial  information  on 
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upwelllng  irradiance  was  lost  when  dealing 
with  coastal  waters.  Atmospheric 

correction  indicates  that  there  may  be  a 
loss  in  the  sensitivity  of  the  thematic 
mapper  detector  (see  Table  II).  Our  studies 
reveal  that  single  Band  (TM  2)  can  be 
reliable  for  coastal  bathymetry  mapping 
provided  accurate  corrections  for 

atmospheric  influences  are  performed  on  the 
data.  The  algorithm  needs  further  validation 
in  waters  of  different  attenuation 
coefficients. 

2.  Atmospheric  correction: 

Atmospheric  corrections  for  TM 
were  based  on  CZCS  procedures  (Gordon 
,1983.).  The  radiance  at  sensor  L  (  A)  is 
given  by 

L(  X)  =  Lr(  X)  +  La(  X)  +  IiW(  X)*Traoz(  X.u) 

....  1. 

Where  Lw(  X),  Lr (  X)  and  La (  X)  are  water 
leaving  radiance,  radiance  due  to  Rayleigh 
and  aerosol  scattering  respectively.  Traoz( 
XiW)  is  the  irradiance  transmittance 
through  the  atmosphere  w  =  cosine  of  view 
zenith 

Traoz(  X.u)  =  exp[6-iitR(  X)+0A*tA(  X) 

+  toz(  X))/u] 

where  tR ,  tA ,  toz  are  the  optical 
thicknesses  of  Rayleigh,  aerosol  and  ozone 
respectively,  and  (3a  is  the  aerosol 
backscattering  coefficient  (Tanre,  1979). 
For  completeness  of  procedure  the 
determination  of  computed  terms  in  equation 
1  are  given  below  (Gordon,  1983) 

Lr,a(  X)  =  wr,a(  X)  tR,A(  X)  E’o(  X)  * 

PR.A(V-,t|I+,  X)  /  4)t  ...  2 

where  wr(  X),  PR  (  Ai^)  and  wa  (  X),  Pa(X.V) 
are  the  single  scattering  albedo  and 
scattering  phase  function  for  Rayleigh  and 
aerosol  respectively. 

PR.A(ljI-,y+,  X)  =  CPR.A(y-,  X)  +  (P(0)+P(0o))* 
PR.A(Ijl+,  X)]/Cos9  _  3 

where  the  solar  radiation  and  the  reflected 
radiation  from  the  sea  surface  are  scattered 
in  the  atmosphere  at  an  angle  y- , y+ 

respectively. 

cos  IjJ-  =-cos  0  *  cos  00  -  sin  9  *  sin  0o  * 
cos  (^  -  00 )  ...  4 

cos  0+  =  cos  M-  +  2cos  0*cos0o 

(Sturm, 1983) 

...  5 

and  t  R(  X)  =  0.00879  (  X)  <-  ■••6 

E’o  =  Eo  exp  [-toz ( 1/COS0O  +  l/cos0)]  ..  7 

PR  (V)  =  (3/4)  *  [1  +  Cos“ljI  ]  ...  8 

The  angles  needed  for 

atmospheric  correction  were  computed  from 

the  following  parameters  (Sturm,  1983) 

0  =  zenith  angle  of  satellite  at  pixel 

location 


p  =  satellite  azimuth  in  pixel  location 
00  =  sun  zenith  angle  at  pixel  location 

00  =  sun  azimuth  at  pixel  location 

2.1  Angstrom  component  computation: 

For  atmospheric  correction 
procedures  the  water  leaving  radiance  over 
clear  oceanic  waters  is  considered  "<  0 
(Band  3  ;  central  wavelength  in  TM  is  660 

nm).  WK  and  wa  were  taken  as  unity.  Aerosol 
particles  were  considered  as  non  -  absorbing 
spheres. 

Sturm  (1980)  discusses  methods  of 
computing  which  requires  a  knowledge  of 
the  local  meteorological  visibility  as  a 
measure  of  the  amount  of  aerosol  haze 
present.  However  some  research  indicates 
that  the  wavelength  dependence  of  tA  is 
given  by: 

tA  (  X)  =  0  (  A)  -“  ••••  9 

In  the  present  study  an  attempt  has  been 
made  to  compute  the  value  of  Angstrom’s 
slope  a  and  to  present  an  value  for  general 
applications.  This  was  extrapolated  from 
studies  at  Hanford  Meteorological  station 
(HMS)  and  Rattle  snake  mountain  observatory 
(Michalsky,  1982)  for  13  days  in  September 
to  October.  A  mean  value  of  a  =  1.375  was 

thus  computed.  Tills  a  was  used  for  computing 
the  optical  thickness  for  two  CZCS  scenes. 
The  comparison  of  computed  and  observed 
Angstrom  values  are  shown  in  Table  1.  The 
residual  error  obtained  was  negligible,  we 
further  conclude  that  the  a  =  1.376  can  be 

used  for  computations  of  aerosol  optical 
thickness  in  coastal  zones,  where 
continental  and  maritime  airmasses  blend. 

2.2  Retrieval  of  reflectance  R  (  X)= 

The  scattering  phase 
function  for  aerosol  Pa(U,X)  has  been 
computed  from  normalised  scattering 
function  for  aerosol  (Quenzel,  1983) 
considering  v  =  3  for  aerosol  type  'marine 
surface’.  Using  equations  1,  2  and  3  the 
aerosol  optical  thickness  at  0.660  (jun  has 
been  determined  over  clear  ocean  water.  The 
optical  thickness  thus  obtained  was  used 
for  determination  of  aerosol  optical 
thickness  at  0.465  urn  (central  wavelength  of 
TM  Band  1)  and  0.570  urn  (central  wavelength 
of  TM  Band  2 ) .  The  computed  radiance  value 
and  the  radiance  values  at  the  sensor  have 
been  presented  in  Table  2  for  comparison. 
It  can  be  seen  that  there  is  a  fall  in  the 
radiance  values  of  Band  1  and  2  of  TM  for 
clear  water.  This  may  be  due  to  loss  in 
sensitivity  of  the  detector  of  Landsat  TM. 

The  radiance  at  the  sensor  LT(A)has 
been  computed  using 

[(N  (  A)  -  b(  A))  /  g  (  A)3  C  (  A)--  1° 

Where  N  (  A)-  g  (  A)  and  b  (  A)  are 
the  digital  counts,  gain  and  bias 

respectively  and  C  (  A)  la  bhe  calibration 
correction  determined  from  the  approximation 
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of  clear  water  radiance.  Table  3.  gives  the 
computed  values  along  with  the  mean  extra 
terrestrial  solar  irradiance  computed  by 
weighing  the  Neckel  and  Labs  (1981)  Eo  (  /v) 
with  the  spectral  response  of  TM. 

The  reflectance  R  (.  \)'s  were  readily 
computed  from  the  retrieved  Lw  (  /v)’s  as 

X  n*  Lw(  A)  .  . .  11 

R  (  A)  =  - 

(i  -  P)uoEoTBA0Z(  AiUo  ) 

n  =  1.341  and  p  =  0.021. 

Where  n  is  the  refractive  index  of  water 
and  p  is  the  Fresnel's  ref lectlvity. For 
validation  of  the  atmospheric  correction 
thus  developed  a  chlorophyll  retrelval 
algorithm  [chla  cone.  mg/m3  =  2.76PI  -o.ts 
where  PI  is  the  ratio  of  TM  band  I  and  Band 
II]  by  the  authors  (in  prep)  has  been 
applied  and  the  TM  estimated  and  ship 
measured  concentrations  have  been  presented 
in  Table  4.  It  can  be  seen  that  the 
atmospheric  correction  thus  developed  has 
worked  effeclently. 

3. Image  Analysis: 

Image  analysis  was  performed  on  improved 
multispectral  data  analysis  system  -  DIPIX 
which  runs  on  ARIES  userfriendly  software. 
Cloud  free  thematic  mapper  data  (Path  139, 
Row  046)  of  16  January,  1988  was  used  for 
the  analysis.  As  sea  -  truth  data  viz; 
depth,  suspended  sediments  and  chlorophyll 
concentrations  were  collected  synchronous 
to  the  satellite  pass  -  our  aim  was  to 
locate  the  station  positions  on  our  image 
using  a  base  map.  The  base  map  with  station 
locations  and  depths  was  filmed  and  later 
digitized  using  a  drum  scanner.  The 
digitised  CCT  was  later  loaded  on  to  the 
image  processing  system  for  further 
analysis.  We  used  the  base  map  as  the 
master  and  our  image  as  a  slave  to  rotate 
the  image.  To  facilitate  this  task  we 
located  ground  control  points  on  the  slave 
and  master  images.  A  polynomial  transform 
(PT)  file  was  created  along  with  residual 
error  listings.  This  PT  file  was  used  in  a 
reseimpling  task  to  rotate  the  image.  This 
task  took  care  of  the  geometric  correction. 

3.1  Radiometric  Correction: 


a  look  up  table  (LOT)  was  computed 
for  pseudo  color  density  slicing  for 
showing  variations  in  depths.  Fig.  2 

Results  and  Discussion: 

An  exotech  TM  field  radiometer 
was  used  to  measure  the  downwelling 
irradiance  during  satellite  pass  time.  The 
results  are  tabulated  in  Table  V.  A 
comparison  between  the  calculated  and 
observed  downwelling  at  sec  surface  shows 
considerable  variation. The  overall 
estimation  of  transmittance  do  not  agree 
with  the  observed  values  particularly  at 
0.485uLm  and  0.660jjLm  than  at  0.670wm.  This 
indicates  that  the  band  II  information  is 
less  noisy  and  more  reliable  for  bathymetric 
studies  when  compared  to  band  I  and  III. 
The  results  support  the  view  that  single 
band  (TM  band  2)  information  can  bo  used 
for  coastal  bathymetric  mapping.  Though 
c,ai.lici  woikera  have  concluded  that  hybrid 
multiple  TM  band  regression  algorithms  are 
superior  to  exclusive  single  band 
regressions,  our  results  with  coastal 
waters  of  Paradlp  have  been  encouraging 
and  have  proved  that  it  could  be  used  for 
such  applications.  The  usual  practice  of 
employing  the  deep  water  signal 
subtraction  in  the  atmospheric  correction 
procedure  would  supress  the  upwelllng 
radiance  in  coastal  waters.  This  is  true 
when  we  relate  the  total  reflectance  (R) 
to  the  depth.  The  computed  Lr  and  La  values 
have  been  subtracted  from  the  total  Lt 
values  all  over  the  scene  instead  of  deep 
water  signals,  considering  a  homogenous 
aerosol  distribution. 

The  extension  of  this  algoritlim 
to  different  coastal  waters  requires  further 
testing  and  validation.  This  is  due  to  the 
variations  in  attenuation  coefficients 
encountered  at  different  locations.  A 
byproduct  of  our  atmospheric  correction  was 
information  on  %he  probable  loss  in  the 
sensitivity  of  the  TM  sensor.  We  have  used 
the  clear  water  approximation  method  to 
arrive  at  such  conclusions.  We  conclude  that 
single  band  (TM  band  2)  has  a  good 
capability  for  mapping  near  shore  bathymetry 
particularly  in  coastal  (case  2)  waters 
where  there  is  an  acute  need  for  such 
bathymetric  profiles. 
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Fig.  1  Refleetonce  (R)  vs  Depth  (D) 


Heneotanoe  <S  at  0.570  alcroaetera) 


Fig.  2  DIPIX  output  of  classified  image 
showing  depth  variations. 
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2.3430 

-0.0789 

0.((0 

0.(80 

0.74(0 

0.0033 

1.4313 

1.42(0 

-0.0037 

Tiblc  lit  U,  U,  U,  Lt  and  LS  ari  in  iN  /  ca’  *r. 


Nave  length 
Ipil 

0 

b 

C 

U 

0.483 

13.53 

1.830 

1.2(4 

194.40 

0.370 

7.65 

1.(90 

1.079 

183.40 

0.(40 

10.20 

1.880 

1.000 

134.(0 

Tablt  Hit  p  is  in  counti/liN/ca’p*  Sf)|  b  *  counts) 


I.  in  iN  /  cs’pi. 


Station 

No. 

Station 

Depth 

D 

Chlorophyll 
Cone, Ship 

■iiiurtient 

C* 

Chlorophyll 
Cone.  Frol 
TB 

C" 

Restduil 

error 

Att.Coeff 

IK) 

at  O.SSpi 

SSC 

observed 

( 

20.0 

2.3 

2.1 

-0.087 

« 

7 

14,7 

1.2 

1.4 

0.1(4 

0.20 

0.(0 

8 

10,7 

1.1 

l.S 

0.(34 

0.(0 

1.00 

9 

8.9 

1.4 

2.1 

0.500 

0.30 

0.30 

10 

(.5 

2.2 

2.1 

-0.045 

0.30 

0,70 

Tablt  IVi  0  in  iitirs,  C’  and  C*‘  art  in  tg/r’  and  K  in  •*'  SBC  is 
thi  susptndtd  sidiNnt  concentration  in  ig/1. 


Nave  Length 

'  pi  ) 

Eo  TRdbOtt  \|^o) 
Cilculited 

E*. 

Observed 

Residual 

Error 

0,4B3 

101.33 

81.44 

-0.244 

0,570 

100.80 

104.39 

0.034 

0.(40 

89.(4 

100.29 

0,i0( 

Tablt  V,  I.  ,  E'.  art  in  iN  /  ct>  ii,  E'.  is  the 
dsMiUilllrig  solar  Irradlarict  at  sia  iuriai:i 
synchronous  to  satilliti  pass  tin  Misurid  by 
EsotfCb  field  Radiostttr, 
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Abstract  Modeling  in  satel'ite  remote  bathymetry  re¬ 
quires  a  set  of  registered  calibration  water  depths  to 
estimate  parameters  of  the  prediction  model  using  re¬ 
gression  analysis.  However,  obtaining  adequate  water 
depth  data  concurrent  with  the  satellite  overpass 
unavoidably  results  in  errors  for  water  depth  prediction 
introduced  by  the  temporal  inconsistencies  between  a 
point-in-time  image  data  set  and  a  set  of  sample  depths 
taken  over  a  span  time  during  which  the  tides  fluctuate 
nearly  continuously.  To  alleviate  this  problem,  a  time- 
normalization  technique  was  developed  using  NOS  tide 
tables  to  construct  a  full  tidal  curve  using  the  one- 
quarter,  one-tenth  rule.This  technique  can  significantly 
reduce  the  effect  of  tidal  fluctuations  on  sample  water 
depths  so  that  the  accuracy  of  water  depth  models  can 
be  improved. 

Key  words:  remote  bathymetry,  satellite  data,  tidal  ef¬ 
fects,  data  normalization. 

Introduction 

Reducing  the  quantitative  error  in  modeling  has  been  a  basic 
task  for  scientists  involved  in  satellite  remote  bathymetry  since 
the  first  studies  were  carried  out  in  the  early  1970's.  Those 
studies  were  concerned  mainly  with  spectral  properties  of  bot¬ 
tom  conditions  and  the  structure  of  depth-to-bottom  models  as 
an  aid  in  deveioping  mathematical  models  for  predicting  water 
depth  which  are  insensitive  to  variations  of  bottom  conditions 
(Poicyn  and  Sattinger,  1970,  Lyzenga,  1977,  1979  and  1981, 
Paredes  and  Spero,  1983,  Spitzer  and  Dirks,  1986  and  1987, 
Clark  et  a!.,  1987).  In  spite  of  the  tact  that  tidal  height  variations 
introduce  a  compounding  factor,  it  appears  that  iittie  attention 
has  been  directed  toward  understanding  the  effect  of  such  fluc¬ 
tuations  on  the  modeling  of  satellite  remote  bathymetry.  The 
objectives  of  our  study  were  to  investigate  how  tidal  fluctuations 
affect  the  modeling  process  in  satellite  bathymetry  and  to  de¬ 
velop  an  approach  to  compensate  for  such  variations. 

Tidal-alfected  modeling  In  satellite  bathymetry 

Tides  are  the  daily  or  twice  daily  rhythmic  rise  and  fall  of  sea 
level,  or  waves  with  a  length  of  approximately  half  the  circum¬ 
ference  of  the  earth  (about  20,000  km)  (Ross,  1977).  Semidiurnal 
tides,  which  occur  most  commonly,  typically  have  a  period  of 
about  12  hours  and  25  minutes.  Tides  along  the  coasts  of  the 
world  generally  range  between  1  and  3  meters,  but  can  De  mucn 
higher  than  that  in  some  coastal  areas  such  as  the  Bay  of  Fundy 
in  Canada  and  the  Bay  of  Hangzho'i  in  China  due  to  the  ge¬ 
ographic  position  and  geometry  of  the  area. 


Satellite  remote  bathymetric  techniques  can  be  applied  to 
coastal  shallow  water  areas,  most  of  which  are  significantly  af¬ 
fected  by  daily  tides.  Operational  models  of  satellite  bathymetry 


commonly  used  for  water  depth  predictions  in  such  areas  are 
essentially  statistical  and  are  often  based  on  radiance  data  from 
two  or  three  discrete  portions  of  the  spectrum  (commonly  re¬ 
ferred  to  as  two  and  three-band  models).  Regardless  of  any 
theoretical  considerations  on  which  they  are  based,  they  will 
finally  appear  in  a  regression  form  such  as  the  following  two 
and  three-band  models  (Clark,  et  al.,  1987;  Spitzer  and  Dirks, 

:m): 

Z  “  Aq  +  In  +  Ij  In 
and 

2  =  Ao  +  A,  InX 

where  Z  Is  the  predicted  water  depth;  X,  and  X,  in  the  first 
model  are  combinations  of  the  Image  brightness  of  the  pixel  of 
interest  and  the  deep  water  in  two  different  spectral  bands;  X  in 
the  second  model  represents  such  a  combination,  but  of  three 
different  bands;  A's,  the  parameters  of  the  model,  are  the  com¬ 
bination  of  certain  optical  parameters  and  unpredictable  factors. 
Usually,  a  set  of  registered  calibration  water  depths  Is  required 
in  regression  analysis  to  estimate  parameters  of  the  model. 
However,  the  process  of  obtaining  an  adequate  sample  of  water 
depth  data  concurrent  with  the  satellite  overpass  unavoidably 
results  in  errors  for  wafer  depth  prediction  introduced  by  the 
temporal  Inconsistencies  between  a  point  in  time  image  data 
set  and  a  set  of  sample  depths  taken  over  a  span  of  time  dur¬ 
ing  which  the  tides  fluctuate  nearly  continuously.  In  practice, 
sample  water  depths  are  recorded  over  a  several-hour  period 
and,  in  fact,  perhaps  over  several  days,  and  almost  all  meas¬ 
urements  will  not  be  collected  at  the  moment  of  the  satellite 
overpass.  A  complete  sounding  survey,  adequate  for  proper 
calibration  of  a  remote  bathymetric  model,  simultaneously  with 
the  satellite  overpass,  is  logistically  and  economically  impossi¬ 
ble. 

Time  normalization  of  tidal  fluctuations 

To  alleviate  the  problem  of  registering  temporally-variant, 
tide-dependent  water  depth  measurements  with  a  somewhat 
static  satellite  image  of  the  area,  a  time-normalization  technique 
has  been  developed  which  can  be  used  to  rectify,  or  temporally 
normalize,  sample  water  depth  data  with  predicted  tidal  data. 
Three  procedures  are  utilized  in  this  technique; 

(1)  Construction  of  the  tidal  curve 

The  location  of  a  reference  tidal  station  closest  to  the  area 
under  study  should  be  identified  from  appropriate  tide  tables. 
The  predicted  times  and  heights  of  the  high  and  low  waters  at 
the  reference  tidal  station  on  the  date  of  satellite  overpass  can 
be  found  from  the  appropriate  tide  table  and  are  used  to  con- 
siruct  a  full  tide  curve  by  using  t.le  one-quarter,  one-tenth  rule 
which  is  presented  in  such  tables  (Figure  1)(NOS,  1987). 
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Figure  1.  Tidal  curve  construction  (from  Tide  Tables  1988,  see 
References). 


(2)  Consideration  of  tidal  subordinate  stations 

For  those  sampling  sites  which  are  not  close  to  the  reference 
station,  subordinate  stations  which  cover  the  sampling  area 
should  be  selected  from  the  tide  table.  For  each  subordinate 
station  there  will  be  differences  for  times  and  heights  of  high 
and  low  tides  as  compared  to  the  reference  station.  Those  dif¬ 
ferences  are  used  to  adjust  the  corresponding  values  of  the 
reference  station  to  construct  modified  working  tidal  curves  for 
each  sampling  location  (subordinate  station). 

(3)  Normalization  of  tidal  fluctuations 

Use  of  this  technique  assumes  that  the  satellite  overpass  of 
a  study  area  is  approximately  Instantaneous.  This  passage  time 
can  be  obtained  from  the  vendor  of  satellite  data  or  retrieved 
from  the  satellite  data  tape  (CCT)  itself.  With  this  time  in  GMT, 
the  tidal  height  at  the  moment  of  satellite  overpass  can  be  read 
from  the  working  tidal  curve  prepared.  In  the  same  way.  tidal 
heights  corresponding  to  each  sampling  time  can  be  obtained 
and  subtracted  from  the  tidal  height  at  the  time  of  the  satellite 
overpass.  The  resulting  negative  or  positive  values  are  the  cor¬ 
responding  modifications  for  the  time  intervals  between  sample 
data  collection  ard  the  satellite  overpass.  The  sample  water 
depths  are  then  normalized  to  levels  at  the  moment  of  satellite 
imaging  by  simply  adding  or  subtracting  the  corresponding 
modifications. 

To  keep  time  systems  consistent  among  data  collections, 
tide  records  and  sateliite  overpass,  time  system  conversions 
(e.g.  GMT  to  EST)  must  be  done  before  normalizations  are  car¬ 
ried  out. 


Study  areas  and  data  collection 

This  study,  a  part  of  satellite  remote  bathymetry  project,  was 
conducted  along  the  coast  of  Connecticut  (CT),  U.S.A.  The  ref¬ 
erence  station  used  was  at  New  London,  CT  and  two  subordi¬ 
nate  stations  (data  sampling  sites)  ,vere  chosen  at  Stonington 
(Fishers  Island)  and  Noank  (Mystic  River  entrance).  Tide  tables 
for  the  east  coasts  of  North  and  South  America  for  1988  were 
used  to  obtain  tidal  predictions  for  the  reference  station  and  the 
time  and  height  differences  for  the  subordinate  stations  (NOS, 
1987).  Water  depths  were  determined  at  each  study  site  (sub¬ 
ordinate  stations)  on  May  9,  May  13  and  October  20, 1988  ,  using 
an  on-board  recording  fathometer.  For  each  sounding,  the  time 
was  recorded  in  Eastern  Standard  Time. 

Data  analysis 

The  experimental  data  were  analyzed  by  comparing  two  data 
groups  with  and  without  normalization  to  evaluate  the  tidal  ef¬ 
fects  on  sample  water  depths  in  terms  of  varying  locations  and 
dates.  Basic  statistics,  maximum  absolute  error,  maximum  rel¬ 
ative  error  and  mean  relative  error  were  used  to  represent  the 
'differences  between  raw  sample  data  and  normalized  data. 
Results  of  the  analyses  are  shown  in  the  Table  1. 

These  results  indicate  that  tidal  fluctuations  can  result  in  a 
relative  data  error  up  to  more  than  30%  in  the  study  area  and 
that  tidai  effects  at  Stonington  were  systematicaiiy  different  from 
those  at  Noank. 

Conclusions  and  recommendations 


Data  normalization  can  significantly  reduce  the  effect  of  tidal 
fluctuations  on  sample  water  depths  and  will  be  particularly  ap¬ 
plicable  for  water  depth  data  in  very  shallov/  areas.  Conse¬ 
quently,  the  accuracy  of  water  depth  models  can  be  improved 
by  using  normalized  sample  data. 

Tidal  effects  on  data  sampling  vary  with  location  and  time, 
and  it  is  apparent  that  predictions  of  water  depths  for  a  given 
model  will  be  more  comparable  for  different  dates  and  locations 
using  this  normalization  technique. 

Tidal  normalizing  techniques  would  be  more  valid  if  actual 
tidal  information  for  a  specific  reference  station  were  to  be  used 
since  direct  tidal  observations  are  more  accurate  than  predicted 
values.  Such  information  for  North  American  coastal  sites  can 
be  obtained  from  an  agency  such  as  the  U.S.  National  Ocean 
Service. 

The  normalization  technique  of  tidal  fluctuations  also  makes 
it  possible  to  use  sample  depth  data  collected  either  one  day 
before  or  after  the  date  of  the  satellite  overpass  by  using  an 
extended  tide  curve.  This  flexibility  in  collecting  in  situ  depth 
calibration  data  makes  possible,  as  well  as  practicable,  the  col¬ 
lection  of  larger  samples  of  data,  thus  enhancing  the  statistical 
reliability  of  the  remote  bathymetric  model. 


Tablet.  Errors  between  actual  and  normalized  tidal  heights  at  Noank  and  Stonington,  CT 


Dates  of  Water  Depth  Data  Acquisition 

May  9,1988 

May  13,1988 

October  20,1988 

Error 

Noank 

Stonington 

Noank 

Stonington 

Noank 

Stonington 

Maximum 

aDsoiuie 

error 

9.21  It 

-0.36  ft 

-0.56  ft 

1.18  ft 

0.05  ft 

0.76  ft 

Maximum 

relative 

error 

3.7% 

-5.0% 

-6.8% 

30.9% 

1.5% 

17.4% 

Mean 

relative 

error 

12.6% 

-3.0% 

-4.7% 

8,4% 

0.3% 

6.0% 
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ABSTRACT 

The  capabilities  of  tlie  AVHRR  reflective  channel  data  to 
monitor  phytoplankton  distributions  at  the  ocean  surface  are 
investigated  To  utilize  this  data,  a  procedure  to  correct  for  the 
effects  of  atmospheric  water  vapor  and  pathlcngths  associated 
with  those  pixels  away  from  the  subsatellite  point  was  developed. 
Data  obtained  with  this  methodology  is  compared  with  neai 
simultaneous  CZCS  data  and  in-situ  observations.  The  AVHRR 
and  the  CZCS  data  were  segmented  into  homogeneous  regions 
using  a  mathematical  classification  technique  and  then  compared 
to  determine  similarity  of  spatio-temporal  features. 

Keywords:  AVHRR  reflective,  CZCS,  phytoplankton,  red  tide, 
atmospheric  correction. 


INTRODUCTION 

Since  the  CZCS  stopped  broadcasting  in  1984,  there  has 
been  a  great  need  for  a  spaceborne  instrument  which  could 
provide  insight  into  the  phytoplankton  distribution  at  the  ocean 
surface.  The  data  of  the  Advanced  Very  High  Resolution 
Radiometer  (AVHRR)  from  the  TIROS-N/NOAA-n  satellite  series 
can  partially  fulfill  this  requirement.  This  instrument  was  not 
specifically  designed  to  observe  phytoplankton.  In  fact,  its 
primary  purpose  is  to  monitor  hydrological  and  meteorological 
processes  for  environmental  studies.  Although  the  thermal  bands 
of  the  AVHRR  are  presently  utilized  to  determine  sea  surface 
temperature  (SST)  (McClain  et  al,  1981),  the  reflective  bands  have 
limited  use  in  oceanographic  work  (Gallegos,  1984).  Conversely, 
the  reflective  channels  have  been  widely  employed  in  terrestrial 
vegetation  surveys  since  1981  (Gray  and  McCrary,  1981). 


This  study  was  undertaken  to  investigate  the  potential  use 
of  AVHRR  data  in  monitoring  water  targets.  An  atmospheric 
water  vapor  correction  was  developed  and  applied  to  the 
radiometrically  corrected  data.  A  factor  was  also  proposed  to 
adjust  response  according  to  ,iixel  position  in  the  swath.  The 
processed  AVHRR  imagery  then  was  segmented  using  a 
supervised  classification  technique  and  compared  to  nearly 
concurrent  classified  CZCS  imagery.  In  addition,  locations  of  red 
tide  in  the  AVHRR  imagery  were  compared  to  in  situ  data  for  a 
1983  red  tide  incident  off  the  west  coast  of  Florida. 

METHODS 

I.  Correction  factors  for  AVHRR  data 

Digital  data  from  High  Resolution  Picture  Transmissions 
(HRPT)  (Figure  1)  and  near-coincident  CZCS  pigment  calibrated 
data  (Figure  2)  were  acquired.  The  AVHRR  data  for  the  area  of 
the  eastern  Gulf  of  Mexico  was  exu-acted,  calibrated,  and  edited. 
In  terrestrial  vegetation  studies,  the  AVHRR  data  is  typically 
displayed  in  8-bit  words,  obtained  by  dropping  the  two  least 
significant  bits  (LSB)  of  the  original  10-bit  data.  Unfonunately, 
this  is  where  the  information  for  water  targets  is  stored.  This  is 
done  to  fit  the  requirements  of  most  imaging  systems.  The  editing 
procedures  used  in  this  study  permi,*  the  utilization  of  the  full  10- 
bit  resolution  of  the  AVHRR  data  sets  in  the  low  albedoes 
pertaining  to  water  targets  and  compress  the  high  albedo  values 
associated  with  clouds  into  narrow  intervals.  Specifically,  albedo 
values  greater  than  22.5  are  compressed  into  ranges  of  5% 
albedoes.  Values  below  this  threshold  are  multiplied  by  10.  A 
similar  procedure  is  used  for  the  thermal  channels.  The  threshold 
value  for  the  emittive  channels  is  -4.16  oC,  and  the  data  is 
compressed  into  16  °C  intervals.  The  resulting  data  exhibits  a 
sensitivity  of  0.1%  in  the  reflective  channels  and  increments  of 
0.25  oC  for  the  thermal  bands. 
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The  atmospheric  adjustments  were  made  under  the 
assumptions  that  1)  the  available  solar  energy  is  constant,  2)  there 
was  no  significant  underwater  reflectance  contained  in  either  of  the 
reflective  channels,  3)  Mie  Rayleigh  and  aerosols  were  known 
computable  constants  and  4;  water  vapor,  principal  attenuator  at 
these  wavelengths,  can  be  estimated  from  AVHRR  data.  To 
obtain  the  correction  factor  for  water  vapor  a  piecewise  linear 
regression  model  was  developed  utilizing  saturation  precipitable 
water  information  from  72  upper  air  soundings  and  the  responses 
of  the  reflective  channels  1  (585  nrn  -  685)  nm  and  2  (713  nni  - 
986  nm)  and  the  emittive  channel  4  (10.362  nm  -  11.299  nm)  of 
the  AVHRR. 

The  NOAA-n  satellite  crossing  times  over  the  Gulf  of 
Mexico  did  .lot  coincide  with  the  sounding  times.  Therefore  the 
location  of  the  air  mass  at  the  time  of  the  satellite  pass  had  to  be 
extrapolated  based  on  local  sounding  infoimadon  on  wind  velocity 
and  direction.  Radiances  for  the  reflective  and  emittive  channels 
were  then  extracted  at  that  position.  These  data  were  input  in 
various  regression  models.  The  model  which  fit  the  data  the  best 
(r=0.83),  had  "adjusted  precipitable  water"  as  the  dependent 
variable  and  the  emitances  of  Channel  4  as  the  independent 
vanable.  "Adjusted"  Is  defined  here  to  be  the  integrated  saturation 
piecipitable  water  values  multiplied  by  the  response  of  Channel  1. 
The  predicted  values  were  used  as  an  index  that  represents  a 
measure  of  the  atraosphenc  water  vapor  at  the  time  of  the  satellite 
pass. 


There  are  significant  distortions  in  the  data  of  the  AVHRR 
because  of  its  wide  instantaneous  field  of  view  (IFOV)  which 
spans  56°  on  either  side  of  nadir.  A  correction  procedure  was 
developed  in  this  study  to  correct  for  this  distortion.  It  is  based 
on  the  concept  that  the  footprint  of  the  instrument  increases  and 
changes  shape  from  a  circle  to  an  ellipse  as  it  moves  from  nadir 
toward  the  edge  of  the  swath.  The  increased  area  of  the  footprint 
results  in  increased  radiating  surfaces.  Adjusted  reflectance 
estimates  with  reference  to  pixel  position  in  the  swath,  require 
determination  of  the  pixel  size  with  respect  to  spacecraft  height 
above  the  earth,  earth  curvature  and  changes  in  the  nai*  j-  angle  as  it 
moves  away  from  nadir.  The  proposed  normalizing  factor  is  the 
ratio  of  the  nadir  aiea  to  the  area  of  the  given  pbcel.  The  combined 
atmospheric  and  geomeuic  correction  procedure  is  applied  to  each 
pbcel. 

IL  Validation  of  AVHRR  corrected  data 

Comparison  of  the  capability  of  different  satellite  systems 
to  monitor  a  target  is  difficult.  One  approach  is  to  classify  imagery 
from  an  individual  system  and  to  then  compare  the  resulting 
classified  images.  In  this  study,  a  supervised  piecewise  linear 
classification  algorithm  was  trained  for  CZCS  pigment  calibrated 
data  and  then  for  AVHRR  data  using  observations  from 
geographic  locations  where  red  tide  was  reponed.  The  technique 
which  is  based  on  a  seiiioray  logic  committee  approach  (Lee  and 
Richards,  1984)  was  modified  and  implemented  on  a  HP  900/835 
by  Khazenie  (1987).  The  method  segments  the  multispectral 


Figure  1.  AVHRR  corrected  reflective  Figure  2.  CZCS  Pigment  calibrated  Figures.  Red  tide  sightings  off  the 

data  (Channels  1  and  2)  data  October  27,  1983  Florida  west  coast  for  the 

October  26, 1983  month  of  October  1983 
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patterns  in  a  practical,  simple  manner,  has  an  adaptable  committee 
size,  and  is  linear  with  respect  to  the  number  of  classes.  Training 
IS  computational  intensive,  both  in  time  and  memory  requirements. 
However,  once  trained,  the  algorithm  can  be  run  on  very  large 
images  with  no  difficulty.  Results  of  the  classification  procedure 
are  shown  in  Figures  4a  -  4c. 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  new  editing  procedures  improved  the  sensitivity  of  the 
reflective  channels  response  over  water  targets.  The  increased 
sensitivity  resulted  in  small  fluctuations  in  the  data  over  areas 
where  the  signal  appears  flat  in  the  8-bit  processed  data.  The 
addition  of  the  combined  correction  algorithm  permitted  some 
normalization  of  the  spectral  response  of  the  data  obtained  on 
different  dates  during  the  study  period. 

Investigation  of  the  reflective  channels  under  conditions  of 
clear  and  turbid  atmospheres  by  Duggin  et  al  (1982)  indicates  that 
of  the  2048  pixels  contained  in  an  AVHRR  swath,  only  the  central 
512  pixels  (256  on  each  of  nadir)  are  free  from  excessive  nadir 
angle  distortion.  The  results  obtained  in  the  current  study  suggest 
that  the  range  of  acceptable  data  could  be  extended  to  at  least  512 
pixels  on  either  side  of  nadir.  Pixels  exhibiting  pixels  numbers 
greater  than  approximately  1600  were  not  utilized  in  this  study 
because  they  were  contaminated  by  sunglint.  Several 
normalization  procedures  were  investigated  to  handle  this  problem. 
None  of  the  approaches  provided  satisfactory  results  and  were  not 
included  here. 


The  classified  images  indicate  that  there  were  spatio 
temporal  features  common  to  both  the  AVHRR  and  CZCS  data. 
These  features  coincided  with  chloropyll  concentrations  greater 
than  1.5  mg  m-^  In  some  regions  where  the  AVHRR  and  CZCS 
signatures  exhibited  the  same  general  outline  but  failed  to  coincide 
in  a  pixel  by  pixel  basis,  the  differences  appear  to  be  related  to 
environmental  changes  occurring  between  acquisition  times.  The 
AVHRR  data  presented  here  was  collected  on  October  26, 1983  at 
about  14:30  Local  solar  time  (LST)  and  the  CZCS  on  October  27, 
1983  at  approximately  12:00  LST. 

Comparisons  between  the  AVHRR  scene  (Figure  1)  and 
the  ground  truth  locations  of  the  1983  red  tide  incident  off  Florida 
(Figure  3),  indicate  that  all  of  the  ground  truth  stations  reporting 
sightings  of  red  tide  (white  dots)  occurred  within  the  area  of  the 
red  tide  signature  identified  by  the  AVHRR.  Results  from  this 
investigation  suggest  that  the  AVHRR  reflective  channel  data  can 
be  used  to  monitor  certain  concentrations  of  phytoplankton, 
especially  those  above  1.5  mg  m-3.  This  instrument  can  be  a 
valuable  tool  in  tracking  ted  tide  blooms. 

The  results  of  the  normalization  adjustments  are  promising, 
especially  over  clear  and  semi-clear  data.  These  techniques  do  not 
seem  to  work  as  well  for  areas  with  amounts  of  precipitable  water 
greater  than  6.0  g  kg->.  It  is  recommended  that  these  methods  be 
applied  to  data  from  other  oceanographic  sites  and  tested  over 
longer  periods  of  time  for  full  validation. 


■  I'AND  B  WATER 

□  ALGAE  (CZCS)  ■  ALGAE  (AVHRR) 


■  ALGAE  (AVHRR  and  CZCS) 


Figure  4  (a)  Linearly  classified  CZCS  data  (b)  Linearly  classified  AVHRR  data  (c)  Differences  between  CZCS  and 
for  October  27,  1983  for  October  26, 1983  AVHRR  classified  data 
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ABSTRACT 

This  paper  provides  an  overview  of  the  pre-launch 
ERS-1  NORwegian  Continental  Shelf  Experiment 
(NORCSEX)  carried  out  in  March  1988  off  the  west  coast 
of  Norway  centered  at  64'‘30'  N.  The  overall  objective  was 
to  simultaneously  measure  marine  variables  such  as 
near  surface  wind,  waves  and  current  and  their  interaction 
during  winter  conditions  by  integrated  use  of  remote 
sensing  and  in-situ  data  collection.  The  capability  of  the 
ERS-1  type  active  microwave  instruments  to  sense  these 
variables  was  investigated  by  combined  use  of  an  aircraft 
X-  and  C-band  SAR,  the  GEOSAT  radar  altimeter  and  a 
ship  mounted  X-,C-  and  L-band  scatterometer.  In-situ 
collection  of  oceanographic  and  meteorological  data  was 
simultaneously  obtained  from  research  vesseis  and 
moorings.  The  ongoing  analyses  are  providing 
interesting  results  especially  from;  a)  the  SAR  imaging  of 
ocean  features:  b)  the  SAR  wave  studies  ;  c)  the 
scatterometer  versus  wind  speed  relationship;  d)  the 
multisensor  SAR-radar  altimeter  comparison;  and  e)  the 
SAR-scatterometer  comparison. 

ERS-1,  WIND-WAVE-CURRENT,  DATA  BASE,  MULTI¬ 
SENSOR  ANALYSIS 

1.  Introduction 

The  first  european  Earth  Resource  Satellite  (ERS- 
1)  will  be  launched  into  polar  orbit  during  the  winter  of 
1990/91 .  In  order  to  demonstrate  the  potential  capability  of 
the  active  microwave  sensors  onboard  this  ESA  ERS-1 
sateilite  to  m  o  ..ear  surface  wind,  ocean  waves  and 
current  and  ii'’  interaction,  the  NORCSEX'68  pre-launch 
ERS-1  exper.ment  was  carried  out  off  the  west  coast  of 
Norway  (Figure  1)  in  March  1988.  For  this  particular  and 
many  other  coastal  regions  subject  to  extensive  cloud 
cover  as  well  as  a  weakening  in  the  surface  temperature 

nraHiont  arrncc  tho  nroon  foafitroe  rfiirinn 

......  .......  ....  ........  ..............  ..........  .......g 

seasonal  warming,  the  ERS-1  satellite  may  provide  the 
first  platform  for  regular  observations  of  these  marine 
variables. 

ERS-1  type  remote  sensing  data  were  collected  by 
a  CV-580  aircraft  X-  and  C-band  SAR,  the  GEOSAT  radar 
altimeter  and  a  ship  mounted  X-,C-  and  L-band 


10°  0°  1o“  20°  30° 


FIGURF  1.  TllE  NORCSEX  STUDY  REGION 


scatterometer.  In  addition  a  multi-platform  (satellites, 
research  vessels,  moorings)  and  multi-sensor  sampling 
strategy  provided  observations  of  meteorological  and 
oceanographic  "ground  truthed"  data  of  near  surface  wind 
speed,  atmospheric  boundary  layer  stability,  ocean  waves 
and  current.  The  data  collection  overview  is  summarized 
in  Table  1. 

The  primary  in-situ  instrumentation  were  the 
directional  wave  buoys  (Wavescan)  providing  wave 
spectral  estimates,  the  ship-  and  buoy  mounted  hot  film 
and  mini-cup  anemometers  for  atmospheric  boundary 
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TABLE  1.  DATA  COLLECTION  OVERVIEW 


VARIABLES 

- j 

PLATFOR.Vf  INSTRUMENT 

W'ND 

WAVE 

CURRENT 

GEOSAT  AUimoler 

S 

Ha 

T^ 

n.MSPSSM/I 

S 

NOAA  AVHRR 

FX 

CONVAIR  580  SAR  (X,C) 

* 

L,D 

P.K 

WAVESCAN  Buoy 

Currant  MeUra 

SX) 

H.L.P 

SZ) 

Turbulent  Hux  Buoy 

sx> 

CODAR 

S,D 

HAKON  MOSBY  ■  ADOP 

sz) 

Turbulence 

SXi 

Scetterometer 
Shin  Radar 

* 

♦ 

S  ipccd  D.  direction 

H  wave  height  ocean  topography 

P.  front!  E*  eddica 

L:  wavelength  *.  aomo  info 

Ha:  aignifieant  wavehcight  P-  penod 

layer  wind  speed  and  turbulence  measurements,  the 
Coastal  Ocean  Doppler  Aperture  Radar  (CODAR)  for 
surface  current  measurements,  anchored  moorings  for 
surface  and  subsurface  current  measurements,  digitizing 
of  the  ship  X-band  radar  data  attempted  for  wave  studies 
along  the  ship  track,  and  the  Acoustic  Doppler  Current 
Profiler  for  absolute  current  measurements  along  the  ship 
track.  In  addition  the  thermohaline  structure  and  sea 
surface  temperature  were  continuously  measured  with  a 
towed,  undulating  SeaSoar  and  a  ship  mounted  termistor. 
Overall  the  intensive  data  collection  during  the  one 
month  field  program  provide  a  unique  data  base  as 
schematically  illiustrated  in  Figure  2. 


REMOTE  SENSING 


IN-SITU 
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GEOPHYSICAL  QUANTITIES 
FIGURE  2.  SCHEMATIC  DATA  BASE 


In  this  overview  paper  the  status  of  the  remote 
sensing  observations  and  presentation  of  a  few  highlight 
results  are  reported  in  section  2  subsequently  followed  by 
a  summary  in  section  3. 


2.  Observations 

The  characteristics  of  the  winter  environmental 
conditions  during  the  30  day  NORCSEX'88  field  program 
obtained  from  in-situ  observations  and  supported  by  the 
NOAA  satellite  AVHRR  data  were;  a)  passages  of  three 
storms  with  maximum  10  minutes  average  wind  speed  of 
25  m/s;  b)  a  prevailing  unstable  boundary  layer 
stratification  from  -2°  to  -5®  0;  c)  pre-dominantly 
southwesterly  waves  with  a  mean  wave  height  ranging 
from  1  m  to  6m  and  with  maximum  recorded  waveheight  of 
10.5m  ;  and  d)  the  existence  of  a  well  defined  meandering 
frontal  boundary  of  3-4°C  between  the  noilhward  flowing 
Norwegian  Coastal  Current  and  Atlantic  water 
accompanied  by  a  current  shear  reaching  10  -  ^s  -f.  The 
status  of  the  simulated  ERS-1  type  data  collection  is 
reported  i:i  the  next  paragraphs. 

a.  Radar  Altimeter.  A  location  map  of  the  GEOSAT 
ground  tracks  for  the  17  day  repeat  cycle  covering  the 
investigation  area  during  the  field  program  is  shown  in 
Figure  3.  The  mooring  site  for  the  four  Wavescan  Buoys 
located  in  cross-over  arcs  are  indicated  with  circles.  Both 


68.0  6B.0 


FIGURE  3.  GEOSAT  COVERAGE 


the  wind  and  significant  waveheight  provided  by  the 
altimeter  are  in  favourable  agreement  with  weathermaps 
and  in-situ  wind  speed  and  directional  wave 
measurements.  The  altimeter  seems  to  underestimate  the 
significant  waveheight  for  values  larger  than  1m  (Figure 
4).  Likewise  the  altimeter  underestimate  high  wind  events, 
while  rapid  wind  shifts  are  smeared  out. 

From  repeated  track  analysis  the  altimeter  height 
measurements  provide  estimates  of  time  varying 
mesoscale  circulation  pattern  with  maximum  surface 
elevation  c.  .20  m  over  a  horizontal  distance  of  40  km. 
This  yields  geostrophic  current  of  .30  -  .40  m/s.  These 
patterns  are  mostly  located  on  the  wide  continental  shelf 
in  water  of  300  m  depth.  The  current  magnitude  agrees 
with  direct  current  measurements  as  well  as  location  of 
mesoscale  O'Jies  seen  from  satellite  AVHRR  imagery. 
Provided  the  geoid  is  accurately  known  or  that  repeated 
track  analysis  with  sufficient  record  lengthis  available  the 
radar  altimeter  is  capable  to  pro  /ide  useful  information  of 
the  mesoscale  circulation  pattern  along  the  Norwegian 
Continental  Shelf. 
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FIGURE  4.  GEOSAT  -  BUOY  COMPARISON 
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More  specific  results  of  the  altimeter  investigation 
during  NORCSEX'88  are  reported  in;  Session  L2 
(NORCSEX  1)  papers  5,  7  and  8;  and  Session  L3 
(NORCSEX  2)  papers  5  and  7. 

h.  Scatterometer .  The  ship  mounted  X-,  C-  and  L* 
band  scatterometer  imaged  the  ocean  surface  over  a 
range  of  incidence  angles  from  20®  to  80®.  Data  were 
collected  continuously  for  15  days  at  winds  ranging  from 
calm  to  25  m/s  primarily  at  unstable  stratification  in  the 
boundary  layer.  Under  conditions  when  the  wind  and  the 
wave  field  in  the  scatterometer  footprint  are  undisturbed 
by  the  presence  of  the  ship  these  "ground  truthed"  remote 
sensing  data  collected  together  with  near  surface  wind 
speed  (and  wind  stress)  can  be  directly  used  for  the  study 
of  the  relationship  between  the  near  surface  wind  speed 
and  radar  backscattering  cross  section.  In  Figure  5  this 
relationship  is  shown  for  selected  data  vrhen  the  ship 
crossed  a  sharp  wind  front  and  the  wind  speed  increased 
from  about  2  m/s  to  12  m/s  in  a  1/2  hour.  The 


corresponding  increase  in  backscatter  (C-band,  hh 
polarization)  is  seen  to  exceed  1 0  dB  suggesting  a  ratio 
of  about  one  between  wind  speed  increase  (logaritmic) 
and  backscatter  increase  (dB). 

The  results  of  the  ship  mounted  scatterometer 
studies  are  more  extensively  reported  in;  Session  L2 
(NORCSEX  1)  paper  2;  and  Session  L3  (NORCSEX  2) 
papers  1  and  2. 

c.  SAR .  The  aircraft  SAR  investigation  focused  on 
wave  studies  and  ocean  feature  studies.  In  addition  a  ship 
and  ship  wake  study  using  SAR  was  carried  out  (to  be 
presented  under  Session  LI  (SAR/Ocean)  -  Ship  wake 
observations).  In  total  SAR  data  was  collected  for  30 
hours  including  multi-sided  flight  pattern  over  Wavescan 
Buoys,  mosaic  flight  pattern  over  the  ships,  the  moorings 
and  the  CODAR  swath,  and  about  400  km  of  GEOSAT 
radar  altimeter  underflight. 

The  sea  state  present  during  the  SAR  wave  flights 
are  summarized  in  Figure  6,  and  shows  that  range  and 
azimuth  travelling  waves  were  encountered  for  a  variety  of 
wave  heights  ranging  from  1  m  to  6m.  Likewise  the  flights 
were  carried  out  for  a  significant  range  in  the  near  surface 
wind  speed.  The  use  of  the  wave  spectra  obtained  from 
the  Wavescan  Buoys  as  well  as  the  significant  waveheight 
obtained  from  the  radar  altimeter  are  important  for  the 
SAR  wave  studies  especially  focusing  on  the  analysis  of 
azimuth  smearing,  estimates  of  significant  waveheight 
spectra,  and  the  180^  directional  ambiguity  problem. 
Specific  SAR  ocec  n  wave  investigations  are  reported  in; 
Session  L3  (NORCSEX  2)  papers  6,  7  and  8. 

Despite  the  fact  that  Seasat  demonstrated  that  the 
L-band  SAR  can  observe  detailed  structure  in  the 
mesoscale  circulation  field,  SAR  has  not  been  extensively 
used  for  studies  of  the  ocean  circulation  processes.  SAR 
backscatter  maps  cannot  be  related  directly  to 
geophysical  quantities,  largely  because  of  the  lack  of  in- 
situ  ocean  circulation  experiments.  Consequently  t.ie  SAR 
mosaic  fight  experiment  was  conducted  such  that  the  real 
time  processed  SAR  data  was  used  !o  guide  the  ship  in 
order  to  obtain  near  simultaneously  in-situ  meaurements 
of  significant  structures.  The  ship  scatterometer  data  can 
also  be  directly  compared  with  the  simultaneously 
obtained  aircraft  SAR  data  sirlub  resolution  and  imaging 
mechanisms  are  approximately  the  same. 

The  SAR  imagery  contain  several  distinct  features 
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modulated  by  surface  current  shear  zones  and  wind 
fronts.  The  different  appearances  of  these  features  in  the 
SAR  imagery  may  be  utilized  in  a  SAR  classification 
scheme.  Ocean  current  modulated  features  are  typically 
seen  as  narrow  zones  of  intense  backscatter  surrounded 
by  uniform  weaker  backscatter.  Rapid  wind  shifts  on  the 
other  hand  are  clearly  detected  by  the  SAR  as  sudden 
changes  in  backscatter  from  one  intensity  level  to  another. 
In  turn  such  zones  may  have  impact  on  the  sea  state 
leading  to  significant  changes  in  wave  direction  and 
wave  height.  Evidence  of  wave  refraction  by  current  shear 
are  also  found.  The  multisensor  SAR  -  radar  altimeter 
investigation  is  Important  in  this  analysis.  Furthermore 
since  the  boundary  layer  stratification  is  unstable  the 
turbulent  convective  cell  circulation  generates  wind 
modulated  pattern  on  the  surface  that  may  provide 
estimates  of  the  wind  direction. 

Further  details  of  the  analysis  of  the  SAR  imaging 
capabilities  of  ocean  circuiation  features  and  atmospheric 
wind  effects  are  reported  in;  Session  L2  (NORCSEX  1) 
papers  2,  3;  and  Session  L3  (NORCSEX  2)  papers  1,  2, 
and  3. 

4.  Summary 

The  wind-wave-current  data  collected  during  the 
multiplatform  and  multisensor  NORCSEX‘88  pre-launch 
ERS-1  investigation  have  generated  a  unique  data  base 
needed  to  test,  improve  and  develop  algorithms  for 
deriving  measurements  of  these  marine  variables  from 
ERS-1  and  other  future  satellites.  The  aim  is  to  complete 
the  ongoing  analysis  of  the  pre-launch  data  (the  next  15 
papers  in  the  NORCSEX  special  session)  in  time  before 
the  launc''  .  ERS-1.  The  advantage  of  reaching  final 
results  before  launch  will  in  turn  improve  the  conduct  of 
the  post-launch  ERS-1  experiment  as  well  as  improving 
the  interpretation  of  the  ERG-1  data.  This  is  required  in 
order  to  prepare  for  operational  use  of  the  data. 
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ABSTRACT 

During  the  Norwegian  Continental  Shelf  Experiment 
(NORCSEX)  simultaneous  C-  and  X-band  synthetic 
aperture  radar  (SAR)  data  were  collected  over  fronts 
and  eddies  associated  with  the  Norwegian  coastal 
current.  The  fronts  and  eddies  were  well  documented 
with  respect  to  their  meteorological  and  oceanographic 
character.  Both  a  current  and  wind  Induced  frontal 
feature  were  observed  by  the  SAR.  Under  unstable  low 
wind  conditions,  the  C-band  SAR  observed  current  shear 
on  the  order  of  10*3  sec*3.  The  wind  front  was 
separable  from  the  SAR  observed  current  shear  by 
noting  the  step-like  character  of  the  boundary  on  the 
Imagery. 


1.  INTRODUCTION 

A  wind-wave-current  field  Investigation  using 
active  microwave  sensors  was  conducted  on  the 
Norwegian  Continental  Shelf  In  March  of  1988  (NORCSEX 
’88).  One  of  the  primary  objectives  of  NORCSEX  which 
was  a  prelaunch  European  Space  Agency  ERS-1 
Investigation  was  to  Investigate  the  ability  of  a  C- 
band  synthetic  aperture  radar  (SAR)  to  detect 
mesoscale  ocean  circulation  features. 

During  NORCSEX  simultaneous  X-  and  C-band  SAR  data 
were  collected  over  fronts  and  eddies  associated  with 
the  Norwegian  coastal  current.  The  fronts  and  eddies 
were  well  documented  with  respect  to  their 
oceanographic  and  meteorotogic  character.  For 
example,  wind  speed  and  direction,  wind  stress,  drag 
coefficients,  surface  currents,  gravity  waves  and  sea 
surface  temperature  were  continuously  measured. 

SAR  detection  of  mesoscale  circulation  features  Is 
a  function  of:  atmospheric  stability  as  related  to  sea 
surface  temperature  variations,  enhanced  wave  breaking 
at  the  Bragg  scale,  slope  and  refraction  changes  of 
the  dominant  gravity  wave,  wind  discontinuity,  direct 
Interaction  of  Bragg  waves  with  currents,  and 
redistribution  of  surfactant  material.  The  NORCSEX 
data  Is  being  utilized  to  quantify  each  of  the  Imaging 
mechanisms  discussed  above.  Initial  analysis 
1nd1c2t6s  thst  2  sln^ls  njschsrsisrn  dess  not  doininsts 
the  observed  SAR  s<giiature,  but  rather  depends  on  a 
diverse  set  of  oceanographic  and  meteorologic 
conditions. 

The  SAR  observed  ocean  fronts  to  be  discussed  In 
detail  In  this  paper  are  divided  Into  two  broad 
categories:  1)  wind  fronts  with  a  backscatter  change 
of  7-10  dB;  and  2)  current  fronts  with  a  back-'catter 
change  of  2-4  dB.  In  this  paper  we  will  first 
describe  the  SAR  data  collected  during  NORCSEX.  This 


will  be  followed  by  a  presentation  of'the  current  and 
wind  Induced  fronts  observed.  The  classification  of 
the  SAR  observed  fronts  Into  the  two  categories  will 
then  be  supported  through  comparison  with  an  ERIM  SAR 
backscatter  simulation  model  for  the  ocean. 

2.  DATA  SETS 

The  aircraft  CV-580  C-  and  X-band  SAR  observations 
were  complemented  with  synoptic  In  situ  measurements 
of  boundary  layer  oceanic  and  atmospheric  variables  by 
Instruments  mounted  on  research  vessels  and  moored 
platforms. 

The  oceanographic  sea  truth  was  obtained  by  the  use 
of  a  ship  mounted  thermistor  (sea  surface 
temperature),  a  towed  undulating  SeaSoar  (salinity  and 
temperature  from  the  surface  to  250  m),  and  the  ship 
mounted  150  KHz  Acoustic  Doppler  Current  Profiler 
(AOCP).  The  ADCP  provides  a  measure  of  absolute 
current  every  5  m  from  the  surface  to  near  the  ocean 
bottom.  Moored  platforms  Included  current  meters  and 
pitch  and  roll  buoys  with  meteorological  packages. 

The  meteorological  measurements  and  data 
assimilation  were  conducted  during  the  entire  NORCSEX 
field  Investigation  period.  Time  series  of  surface 
layer  meteorological  data  from  ship  mounted  sensors 
and  profilers  of  temperature,  humidity  and  vector  wind 
from  rawinsondes  were  obtained.  Surface  layer  wind 
fluxes  (I.e,  dragg  coefficients)  were  obtained  from 
ship  mounted  hot-film  and  the  use  of  miniature  cups. 

In  addition  to  the  SAR  data,  other  remote  sensing 
data  Included  the  ship  L-,  C-,  and  X-band 
scatterometer,  German  CODAR,  the  NOAA  satellite 
Advance  Very  High  Resolution  Radiometer  (AVHRR) 
Imagery,  the  GEOSAT  satellite  altimeter,  and  DMSP 
satellite  Special  Scanning  Microwave  Imager  (SSM/I). 

Table  1  Is  a  summary  of  the  SAR  flights  conducted 
during  NORCSEX.  Note  from  the  table  that  four  mosaic 
SAR  flights  were  carried  out  for  mesoscale  ocean 
feature  studies.  The  SAR  system  parameters  during 
these  flights  are  summarized  in  Table  2  along  with  the 
system  parameters  for  the  ship  mounted  L-,  C-,  and  X- 
band  scatterometer.  A  complete  description  of  the  CV- 
580  C-  and  X-band  SAR  system  Is  given  In  Ref.  [1]. 

3.  SAR  OBSERVATIONS 

For  SAR  and  scatterometer  Imaging  the  ocean  over  a 
range  of  Incidence  angles  from  approximately  20*  to 
80*,  the  radar  backscatter  Is  principally  caused  by  a 
resonant  mechanism,  called  Bragg  scattering  where  the 
radar  waves  (and  energy)  are  scattered  by  surface 
waves  of  approximately  the  same  wavelength  [Ref.  2]. 
These  short  surface  waves  are  modulated  by  air-sea 
Interaction  processes,  by  long  wave-short  wave 
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Interaction,  by  the  presence  of  surface  films  and  by 
oceanic  Internal  processes  causing  sufficient 
variability  that  can  be  seen  on  the  high  resolution 
(10  -  30  cm)  SAR  Imagery.  In  general,  no  single 
modulation  mechanism  dominates  the  observed  SAR 
backscatter  signature  but  rather  depends  on  a  variety 
of  oceanographic  and  meteorological  conditions. 


TABLE  2.  CV-S80  SAR  And  Shlfi  ScittcrOMtcr  Syltra  Rlnw'.trs 
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Figures  1  and  2  are  mosaics  generated  from  the  CV- 
580  C-band  vertical  transmit  and  receive  polarization 
(VV)  data  for  13  and  17  March  1988  respectively. 

The  wind  was  light  (3-4  m/s)  out  of  the  southwest 
(230* T)  on  the  13th  of  March.  The  frontal  feature 
(see  arrow  on  Fig.  1)  observed  on  the  13th  data  Is  a 
result  of  current  shear.  On  the  17th,  the  wind  varied 
across  the  mosaic,  fluctuating  from  2  to  13  m/sec. 

The  wind  direction  for  this  case  was  northwest  (I.e., 
290'T).  The  prominent  front  (see  arrow  on  Fig.  2)  on 
the  17th  data  Is  due  to  changes  In  the  surface  wind. 
Examination  of  both  the  mosaics  confirms  the  existence 
of  a  complicated  mesoscale  circulation  pattern 
associated  with  meander  growth,  eddy  formation,  and 
Intrusions  of  Atlantic  water  toward  the  coast. 

During  the  NORCSEX  field  Investigation,  typical 
winter  conditions  characterized  the  oceanic  and 
atmospheric  environment  on  the  continental  shelf.  A 
prevailing  unstable  boundary  layer  varying  from  -2  to 
-5’C  existed,  which  Implies  larger  wind  speed  near  the 
sea  surface  than  for  stable  conditions  at  the  same 
wind  speed.  A  swell  field  with  a  minimum  long  wave 
height  of  2-3  ro  was  always  present  along  with  a  well 
defined  ocean  frontal  boundary  of  3-4*C  between  the 
coastal  water  and  Atlantic  water. 


The  distinct  frontal  features  Imaged  by  the 
aircraft  SAR  on  13  and  17  March  are  enlarged  and  shown 
In  Figures  3  and  4,  respectively.  The  SAR  front  A 
(Fig.  3)  Is  characterized  by  a  narrow,  bright  line  of 
Increased  backscatter  curving  slightly  In  range 
direction  with  equal  darker  zones  of  less  Intense 
backscatter  on  both  sides.  Similar  structures 
Interpreted  to  be  modulated  by  mesoscale  surface 
current  pattern  were  frequently  seen  In  Seasat  SAR 
Images  of  the  Gulf  Stream  [Ref.  3]. 

In  contrast  to  SAR  front  A,  front  8  (Fig  4),  mostly 
oriented  In  azimuth  direction.  Is  characterized  by  a 
rapid  change  from  dark  to  brighter  SAR  backscatter 
return  (I.e.,  greater  radar  backscatter).  The 
corresponding  profiles  of  the  backscatter  variations 
across  these  frontal  features  are  shown  for  comparison 
In  Figure  5.  The  backscatter  of  the  bright  line 
appears  as  a  bump  with  a  width  of  about  1  km  exceeding 
the  surroundings  by  about  2  dB.  On  the  other  hand,  a 
step  like  profile  with  an  8  dB  Increase  over  1  km  Is 
encountered  across  SAR  front  B.  The  different 
appearances  of  these  two  features  Immediately  suggest 
that  their  nature  of  origin  are  likely  to  be 
different.  This  Is  supported  by  the  Iji  situ 
measurements. 

R/V  Hakon  Mosby  was  directed  from  real-time 
processing  of  the  SAR  data  onboard  the  aircraft,  thus 
providing  necessary  jji  situ  observations  of  the  ocean 
surface  and  atmospheric  boundary  layer  variables 
across  the  SAR  detected  frontal  features.  The 
characteristics  of  these  variables  representing  the 
conditions  at  the  time  of  the  SAR  flights  are 
quantified  In  Table  3.  The  major  differences  occur  In 
wind  speed  and  ocean  current  shear.  The  other 
Important  geophysical  quantities  and  sources  for  SAR 
backscatter  modulation  such  as  the  magnitude  of  the 
unstable  boundary  layer  conditions,  the  surface  ocean 
temperature  front  and  the  long  wave  field  remains 
nearly  unchanged.  Consequently,  the  primary 
modulation  mechanisms  generating  these  two  features 
are  interpreted  to  be,  respectively,  1nteract$n  of 
Bragg  waves  with  a  current  shear  and  adjusting  Bragg 
waves  to  a  rapid  wind  Increase.  These  Interpretations 
are  discussed  below. 


TABLE  3.  Geophysical  Quantities  Contributing  to  the  SAR 
Images  Together  With  SAR  System  Paianeters 
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rigure  2.  C-Band  SAR  17  March  1988  Mosaic  Showing  Frontal  Features 
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Figure  4.  Enlargement  of  the  17  March  1988  C-Band  (VV)  SAR 
Data  Showing  the  Current  Shear  Induced  Ocean  Front 
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Figure  5.  Intensity  Plots  of  SAR  Backscatter  Along 
the  Tracks  Shown  In  Figures  3  and  4 


3.1  MODULATION  BY  CURRENT  SHEAR 

The  current  vectors  at  15  cm  depth  (Integrated 
every  300-400  m  along  the  ship  track)  obtained  by  the 
ship  mounted  Acoustic  Doppler  Current  Profiler  (ADCP) 
are  superimposed  on  a  schematic  representation  of  the 
SAR  Image  (Figure  6)  documenting  the  present  of  a 
remarkable  current  shear  In  vicinity  of  the_ SAR  front, 
fio  complementary  curreni  measurements  are  obtained 
closer  to  the  surface.  However,  since  the  evolution 
of  the  ADCP  current  vectors  at  deeper  levels  down  to 
50  m  show  minor  vertical  current  shear  and  rotation, 
the  current  vectors  at  15  m  are  assumed  to  be 
representing  the  surface  current  field  as  well.  This 
assumption  Is  further  supported  by  the  thermohallne 
structure  mapped  with  a  towed,  undulating  CTD,  and  by 
the  low  winds  measured  from  the  ship  with  cup 
anemometers. 


Figure  6.  Schematic  Representation  of  the  SAR  Image 
Showing  the  Ship  Track  and  the  Current 
Values  Obtained  from  the  ADCP. 

In  order  to  quantify  the  backscatter  modulation 
caused  by  this  current  feature,  the  SAR  backscatter 
model  described  by  Lyzenga  and  Bennett  [Ref.  4]  Is 
applied.  This  model  allows  us  to  study  the  effects  of 
long  surface  waves  (at  least  3  times  the  radar 
wavelength)  on  the  SAR  Imaging  of  ocean  surface 
current  shear  zones  and  convergence  (divergence) 
zones.  The  Interaction  of  these  surface  waves  with 
the  current  pattern  Is  described  by  the  wave  action 
equation  [Ref.  5],  and  solved  numerically.  The 
effects  of  the  full  spectrum  of  waves  on  the  radar 
backscatter  are  then  calculated  by  a  two-scale 
electromagnetic  surface  model.  Finally,  the  SAR  Image 
Intensity  and  modulations  are  calculated  using  a  SAR 
simulation  model. 

Model  Input  parameters  Include  the  current  vector 
field  with  a  maximum  current  shear  of  10"’  s"^,  wind 
direction  of  45*  relative  to  the  baseline  of  the 
vector  field  and  a  wind  speed  of  3  m/s.  The  ship 
recorded  a  5  m/s  wind  at  the  time  of  the  SAR 
overflight;  however.  In  the  Image  the  darker 
backscatter  area  In  the  vicinity  of  the  front  suggests 
that  the  wind  speed  was  lower.  Results  of  the 
numerical  simulation  were  compared  with  the  SAR 
observations.  Only  relative  changes  In  dB  are 
considered.  The  modeled  backscatter  modulation 
provides  a  "bump"  of  about  1.5  dB  In  favorable 
agreement  with  the  direct  observations  of  a  2  dB 
"bump”.  The  effect  of  the  relative  weak  current 
convergence  (divergence)  along  the  ship  track  of  order 
JO-4  j-l  shows  minor  «ldB)  modulation  In  the  model. 

Increasing  the  wind  speed  to  5  m/s  for  the  current 
shear  case  reduces  tlie  modulation  by  a  factor  of  2. 
Hence,  the  model  results  are  extremely  sensitive  to 
the  relaxation  time.  Nevertheless,  the  model  results 
suggest  that  the  effect  of  the  current  shear  Is  to 
refract  the  Bragg  waves  originally  propagating  along 
the  Vi'lnd  direction  In  azlniuth  diiection  mto  lange 
propagating  waves.  This  results  In  the  observed 
backscatter  Increase. 

Time  series  of  the  radar  cross  section  (RCS)  at  10 
minutes  averages  along  the  ship  track  obtained  by  the 
C-band  (HH  polarization)  ship  mounted  scatterometer 
also  measured  about  a  1.5  dB  "bump"  crossing  the  SAR 
front.  Simultaneously,  the  recorded  wind  speed  was 
about  5  m/s  decreasing  slightly,  but  the  direction 
remained  constant.  In  addition,  the  boundary  layer 
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stability  remained  unstable  around  -4*C.  It  Is 
unlikely  that  any  atmospheric  effect  can  explain  the 
backscatter  modulation.  Consequently,  the  SAR  front 
Is  Imaged  as  a  result  of  Interaction  between  Bragg 
waves  and  a  current  shear. 

3.2  MODULATION  BY  A  WIND  FRONT 

In  contrast  to  the  2  dB  SAR  front  modulated  by  a 
current  shear,  the  much  stronger  8  dB  SAR  front 
(Figure  4)  detected  on  17  March  appears  to  be 
generated  by  a  sharp  wind  front.  In  this  case,  the 
ship  transected  the  front  within  20  minutes  after  the 
feature  was  detected  by  the  SAR  Image.  The  variations 
of  the  radar  scattering  coefficient  (related  to  the 
surface  roughness)  are  dependent  on  the  wind  speed, 
the  atmospheric  stability  and  long  wave  slope. 

However,  under  unstable  conditions,  Keller  et  al  [Ref. 
6]  suggests  that  the  dependence  of  X-band  radar  cross 
section  (RCS)  on  long-wave  slope  and  atmospheric 
stability  cannot  be  separated  from  the  wind  speed 
dependence.  The  results  discussed  In  the  following 
paragraphs  assume  this  to  be  valid  also  at  C-band. 

Time  series  of  the  ship  based  scatterometers  C-band 
RCS  and  wind  speed  measured  from  R/V  Hakon  Mosby  are 
presented  In  Ref.  [7J.  Two  significant  Increments  in 
RCS  of  about  7-10  dB  are  found  with  the  7  dB  change  In 
correspondence  with  the  SAR  front.  In  comparison,  the 
wind  speed  (U)  shows  large  fluctuations  between  2  and 
10  m/s.  In  response  to  these  wind  speed  changes,  the 
friction  velocity  ((U*)  =  C^ji'^  g)  which  determines 
the  surface  roughness  through  the  relationship  between 
the  roughness  scale  Zq  and  the  dragg  coefficient  Dg, 
shows  a  significant  Increment  from  0.1  to  0.5  m/s. 

This  process  Is  reflected  In  the  close  agreement  of 
the  phase  of  the  RCS  and  wind  speed  fluctuations. 

The  scatteroraeter  data  from  the  ship  was  used  to 
quantatively  relate  radar  scattering  coefficient  to 
wind  speed.  The  analysis  as  reported  In  Ref.  [7] 
produced  a  relationship  between  RCS  and  wind  speed 
under  the  present  unstable  stratification  between  -4.0 
to  -2.0*C  that  was  supported  by  the  results  of  Ref. 
[6].  Thus,  the  dB  change  Is  primary  explained  by  the 
sharp  wind  front.  In  turn,  contribution  to  the 
backscatter  change  from  the  other  environmental 
quantities  must  be  negligible.  In  summary,  the  SAR 
and  scatterometer  measured  complete  backscatter 
modulations  across  the  front  of  about  7-8  dB  and  are 
explained  by  the  sudden  wind  speed  change  from  2  to  10 
m/s. 


4.  SUMMARY 

The  analysis  to  date  has  shown  that  for  unstable 
conditions  and  favorable  low  winds  (4  m/s)  the  C-band 
SAR  Is  capable  of  detecting  current  shear  on  the  order 
of  10’^  s'l  that  Is  associated  with  raesoscale  ocean 
circulation  features  such  as  fronts  and  eddies.  No 
SAR  detection  of  ocean  convergence  (divergence)  of 
order  10"‘*  s"^  along  such  features  can  be  expected. 
However,  a  sharp  wind  fronts  was  clearly  detected. 

Qualitatively,  the  Images  features  also  appear 
differently  according  to  the  Influence  of  different 
modulation  mechanisms.  SAR  features  Imaged  due  to 
ocean  circulation  patterns  such  as  a  current  shear 
frequently  present  along  ocean  fronts  and  eddies  cause 
narrow  backscatter  changes  appearing  us  brigiil  lines. 
On  the  other  hand,  sharp  wind  fronts  display  rapid 
transition  from  dark  to  brighter  backscatter  regions. 
Quantitatively,  one  can  also  classify  backscatter 
modulation  caused  by  wind  front  from  current  shear. 
When  the  wind  front  exceeds  5  m/s.  It  can  be 
distinguished  from  the  current  shear  features  simply 
because  the  step-like  backscatter  modulation  of  about 
5  dB  differs  from  the  2  dB  “bump"  generated  by  the 
current  shear. 


These  results  are  promising  for  future  application 
of  ERS-1  SAR  Imagery  to  detect  ocean  circulation 
patterns  Independent  of  simultaneously  obtained  sea 
truth.  Provided  some  background  Information  on  the 
strength  of  the  ocean  current  and  wind  field  are 
available,  then  mesoscale  circulation  features  Imaged 
by  the  SAR  may  be  classified  accordingly. 
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ABSTRACT 

Using  a  unique  slope-following  surface 
current  meter  ,  we  have  obtained 

measurements  of  near  surface  currents  during 
the  NORCSEX  experiment  in  March,  1988.  These 
Instruments  were  tethered  to  subsurface 
floatlon  on  traditional  taut  wire  moorings  at 
three  locations  near  ocean  frontal  areas. 
Several  objectives  of  the  experiment  Included 
supporting  the  deeper  moored  and  acoustic 
doppler  measurements  with  surface 
information,  providing  a  bottom  boundary 
condition  for  wind  stress  analysis, 
comparison  with  a  CODAR  and  testing  a  newly 
developed  ARGOS  transmission  capability.  In 
this  discussion,  we  provide  a  general 
overview  of  the  measurement  results. 

KET  WORDS:  SURFACE  CURRENTS,  SAR,  FRONTS, 

WIND  STRESS,  NORCSEX 


1.  INTRODUCTION 


The  Synthetic  Aperture  Radar  (SAR)  has 
demonstrated  a  remarkable  potential  to 
distinguish  surface  features  associated  with 
ocean  fronts.  Our  fundamental  understanding 
of  this  complicated  process  Is  that  features 
observed  In  SAR  Imagery  result  from  wave- 
current  Interactions,  which  block  or  focus 
short  gravity  waves,  and  from  Bragg 
scattering  on  the  redistributed  short  wave 
patterns.  This  simplistic  picture  can  be 
complicated  by  changes  In  the  short  gravity 
wave  field  related  to  wind  stress  changes 
across  a  front,  a  result  of  differences  in 
boundary  layer  stability  on  each  side  of  the 
thermal  gradient  associated  with  some  fronts. 
Further  complexities  Involve  the  flight 
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the  surface  flow  pattern  and  the  bivariate 
slope  distributions  of  wave  facets. 


Fundamental  to  the  physics  which 
combines  hydrology  and  wind  stress  with  radar 
backscatter,  and  fundamental  to  our  ability 
to  model  these  processes.  Is  an  understanding 
of  the  flow  patterns  at  the  sea  surface  where 


strong  wave/current/wind  Interactions  occur. 
However,  because  the  ocean  surface  Is 
Inherently  noisy.  It  has  been  extremely 
difficult  to  make  measurements  of  the  ambient 
flow  associated  with  open  ocean  fronts. 
Although  Lagranglan  drifters  have  supplied 
some  Information  In  the  past,  problems  of 
deployment  on  scales  associated  with  fronts 
as  well  as  difficulties  In  separation  of 
space  and  time,  have  clouded  Interpretation 
of  the  results.  Acoustic  Doppler  Current 
Profilers  (ADCP)  are  obtaining  Interesting 
observations  of  vertical  current  structure 
near  fronts,  but  are  not  reliable  In  the 
upper  10  m  of  the  water  column  due  to 
ambiguous  reflections  from  waves.  Standard 
taut-wlre  surface  moorings  have  provided 
useful  Information,  but  are  difficult  to 
maintain  In  the  strong  flows  associated  with 
fronts  and  may  not  be  reliable  In  anything 
but  very  benign  conditions. 

In  order  to  overcome  some  of  the  problems 
of  measuring  ambient  flow  at  the  sea  surface, 
we  have  developed  a  slope-following  surface 
current  meter  of  a  unique  design  which  has 
been  tested  under  various  condition  over  the 
past  several  years  (Johnson,  1987).  During 
Che  Norwegian  Continental  Shelf  Experiment 
(NORCSEX),  these  Rapid  Boundary  Current 
Meters  (RBCM)  were  deployed  near  ocean 
fronts.  Our  objectives  were: 

*  to  support  deeper  current  measurements 
from  ADCP  and  Aanderaa  current  meters 
with  surface  information, 

*  to  provide  a  bottom  boundary  condition 
for  wind  stress  analysis, 

*  to  compare  with  surface  flow 
ueusucuments  from  Coastal  ocean  Doppler 
Aperature  Radar  (CODAR), 

*  to  test  a  new  ARGOS  transmission 
capability. 
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2.  RAPID  BOUNDARY  CURRENT  METER 


In  Fig.  1,  the  RBCM  is  shown  in  its 
moored  configuration.  The  electronics  are 
contained  within  a  hull  which  floats  at  the 
sea  surface  and  streams  with  the  current..  In 
order  to  avoid  direct  wind  Influence  on  the 
instrument,  only  2-3  cm  are  exposed  above  the 
surface.  Orientation  of  the  hull  In  the 
direction  of  ambient  flow  Is  obtained  with  a 
gymballed  digital  compass,  and  speed  of  the 
flow  is  measured  with  a  near-coslne  response 
propeller  (Weller  and  Davis,  1980)  suspended 
at  50  cm  below  the  surface.  An  ARGOS  PTT  and 
a  helical  antenna  allow  data  transfer  via 
satellite.  The  Instrument  Is  moored  with 
lightweight  polyprope lene  line  and  uses  small 
fishing  floats  at  the  surface  for  added 
bouyancy.  The  effect  Is  a  light,  easily 
deployable,  low  stress  mooring  configuration. 
Microprocessor  based  electronics  allows 
vector  processing  and,  together  with  simple 
design,  have  significantly  reduced  the  cost 
of  the  instrument  and  simplified  maintenance. 


The  design  philosophy  of  the  RBCM  has 
centered  on  a  low  stress,  flexible  mooring 
which  permits  the  hull  to  follow  the  surface 
streamline  and  the  propeller  to  follow 
orbital  particle  motions  of  gravity  waves. 

In  Fig.  1,  wave  particle  orbits  are  drawn  at 
the  surface  and  at  the  depth  of  the  sensor. 
These  orbit  radii  decrease  exponentially  with 
depth.  If  the  propeller  followed  the 
particle  orbit  at  its  own  depth,  it  would 
tend  to  eliminate  wave  influence  and  to  pick 
up  Stoke's  drift  (Collar,  et  al.,  1983). 

Since  the  propeller  Is  constrained  to  follow 
the  surface  orbit,  it  is  In  error  by  a  small 
amount  proportional  to  the  difference  in  size 
of  the  two  orbits.  However,  It  Is  clear  from 
this  simplified  example,  that  this 
arrangement  Is  a  considerable  improvement  on 
a  fixed  level  current  meter  in  the  presence 
of  waves,  or  on  a  surface  following 
Instrument  with  the  sensor  at  greater  depth, 
or  orthogonal  sensors  spred  between  two 
depths.  The  chosen  depth  of  50  cm  represents 
a  compromise  between  placing  the  propeller  as 
near  the  surface  as  possible  and  avoiding 
hull  Induced  distortion  of  Che  flow. 


Figure  1:  RBCM  In  Its  moored  configuration. 


3.  EXPERIMENT 

During  March,  1988,  RBCM  Instruments 
were  attached  to  the  main  subsurface  buoys  of 
taut-wire  moorings  at  three  locations  (Fig. 

2)  In  the  NORCSEX  area.  Aanderaa  current 
meters  were  placed  at  several  levels  on  each 
subsurface  mooring,  with  the  most  shallow 
instruments  at  25  m  depth.  Wavescan  buoys, 
recording  wind  and  wave  parameters,  were  also 
moored  in  the  vicinity  of  moorings  CMl  and 
CM2.  Figure  2  shows  the  bathymetry  In  the 
experimental  area.  It  should  be  noted  that 
mooring  CMT2  was  located  at  the  shelf  break 
In  400  m  water  depth,  and  moorings  CMl  and 
CM2  were  located  along  a  trough,  exceeding 
300  m  depth,  which  cut  across  the  shelf  and 
extended  behind  the  Haltenbanken  rise. 
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Figure  4  shows  an  AVHRR  Image  for  16 
March,  1988  covering  the  experimental  area. 
The  image  has  been  composited  from  two 
passes,  both  from  NOAA-9  on  the  16th.  Figure 
5  shows  an  AVHRR  image  for  25  March,  1988 
from  a  NOAA- 10  pass.  Comparing  the  AVHRR 
Images  with  bathymetry  in  Fig.  2  (also 
lightly  outlined  in  Fig  4 ),  it  is  clear  chat 
bathymetry  played  a  major  role  in  the  flow 
regime  and  Che  separation  of  water  masses. 

The  Norwegian  Atlantic  Water,  which  is  the 
warmest  water  in  the  image  (darkest  color), 
can  be  seen  following  the  shelf  break 
adjacent  to  CMT2.  The  coolest  water  (light 
color)  is  associated  with  Che  Norwegian 
Coastal  Current  and  is  found  adjacent  to  the 
coastline.  One  of  the  most  striking  features 
of  the  two  images  is  the  curvature  of  Che 
thermal  boundary  (front)  from  the  shelf 
break,  along  the  trough  adjacent  to  CMl  and 
CM2,  and  passing  behind  Haltenbanken. 

Vector  summations  of  4  hourly  averages 
are  shown  in  fig.  3  for  Che  three  moorings. 
The  large  gap  in  mooring  CMT2  was  caused  by 
entanglement  of  Che  propeller.  This  was 
noted  on  the  ARGOS  transmission  and  corrected 
when  ship  scheduling  permitted.  Large 
subtldal  variations  are  seen  in  all  records. 
The  highest  surface  flow  speeds,  averaged 
over  a  tidal  period,  occurred  at  CM2  on  20 
March,  with  an  amplitude  exceeding  81  cm/s. 
Aanderaa  records  at  the  25  m  depth  at  this 
location  (courtesy,  J.Johanessen)  show  a 
speed  of  60  cm/s. 

Mean  velocities  at  each  of  the  moorings 
are  shown  in  fig.  2.  In  addition,  major  and 
minor  axis  of  Che  subtldal  flow  variations 
are  displayed  with  the  major  axis  aligned  in 
Che  direction  of  dominant  variability.  The 
mean  flow  vectors  are  all  pointed  toward 
northeast,  with  a  near  doubling  of  amplitude 
at  each  mooring  closer  to  Che  coast. 

Subtldal  flow  variations  at  the  shelf  break 
are  nearly  omnidirectional,  as  seen  by  the 
fatter  ellipse  formed  by  the  principal  axis. 
As  the  subtldal  flow  becomes  stronger  near 
the  coast,  it  is  clear  that  the  ellipses  are 
oriented  more  nearly  with  topography. 


4.  SUMMARY 

Three  moorings  of  a  unique  slope¬ 
following  surface  current  meter  obtained  a 
total  of  36  days  of  current  records  during 
Che  NORCSEX  project  of  March,  1988.  AVHRR 
imagery  showed  that  the  moorings  were  all 
placed  quite  near  the  thermal  boundary 
between  North  Atlantic  Water  and  Norwegian 
Coastal  Water.  Current  speeds  at  the  surface 
were  nearly  30%  greater  than  speeds  at  the 
depth  of  25  m.  Current  speeds  increased 
dramatically  near  the  coast  and  subtldal 
variations  were  aligned  closely  with 
topography.  Near  the  shelf  break,  subtldal 
variations  were  suprislngly  uncoupled  from 
topography. 

The  easy  deployment  of  the  RBCM 
suggested  that  we  should  attempt  to  "capture" 
a  front  by  chasing  after  the  aircraft  SAR 
image  feature  locations.  However,  deployment 
of  a  non-ARGOS  transmitting  Instrument  in 
this  mode  was  unsuccessful  as  ship  scheduling 
and  weather  combined  to  prevent  successful 
retrieval.  Future  uses  of  this  instrument  in 
frontal  locations  should  probably  Include 
more  effo.'t  in  this  area. 

Finally,  the  ARGOS  transmission 
capability  functioned  well  and,  together  with 
the  relatively  low  instrument  cost,  opens  the 
possibility  of  deployment  of  "expendable" 
moored  current  meters  in  the  future. 
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Figure  3:  Stick  plot  of  vector  surface 
currents  measured  during  NORCSEX.  Locations 
given  in  Fig.  2. 
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Figure  4:  AVHRR  composite  from  two 
passes  on  NOAA-9  on  16  March,  1989. 
Mooring  locations  given  by  asterisks 
Bathymetry  Is  overlain  with  (lashed 
lines.  Warm  water  is  represented  in 
dark  tones;  cool  water  in  light. 
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ABSTRACT 

CODAR  (coastal  raDAR)  measurements  of  sur¬ 
face  currents,  carried  out  during  NORCSEX'88, 
are  presented.  One  land-  and  one  ship-based 
station  were  used,  in  order  to  map  the  two- 
dimensional  current  off  the  Norwegian  coast 
au  about  64^N  and  8°E  in  March  1988. 

The  ship-based  CODAR  system,  developed  by 
the  University  of  Haunburg,  is  now  and  dis¬ 
cussed  in  some  detail.  Errors  due  to  angular 
resolution  by  means  of  an  array  of  four  re¬ 
ceiving  antennas,  determination  of  the 
ship's  drift  by  satellite  navigation  GPS 
(Global  Position  System)  and  pitch-and- 
roll  motions  of  the  ship  sum  up  to  about 
10  cm/s.  This  value  is  corroberated  by  the 
comparison  of  current  velocities  measured  by 
the  land-  and  ship-based  system  at  the  same 
position. 

Surface  currents  observed  show  a  high  tempo¬ 
ral  and  spatial  variability  on  scales  of  sev¬ 
eral  hours  and  some  km,  respectively.  Tempo¬ 
ral  variations  are  obviously  due  to  wind. 

The  horizontal  variability  of  the  Norv/egian 
Coastal  Current  is  well  known  from  satellite 
images.  The  underlying  mechanisms  are  com¬ 
plex  and  not  yet  understood. 

1 .  INTRODUCTION 

CODAR  is  an  HF  ground-wave  radar,  which  is 
able  to  measure  surface  currents  in  the  upper 
0.5  m  of  the  ocean.  An  area  of  up  to  40  km 
X  40  km  may  be  covered,  v/ith  a  horizontal  re¬ 


solution  of  about  2  km.  The  time  averaging 
is  18  minutes  (measuring  time).  Originally, 
CODAR  was  developed  by  NOAA  for  land-based 
operation  (Barrick  et  al.,  1977).  The  system 
has  been  operated  successfully  in  a  number 
of  experiments  (Gurgel  et  al.,  1986;  Schott 
et  al.,  1986) . 

The  use  of  CODAR  allows  to  measure  mesoscale 
surface  currents  fields,  which  are  hard  to 
obtain  by  conventional  means.  Airborne  re¬ 
mote  sensing  systems  (optical,  infrared,  mi¬ 
crowave)  show  sea-surface  structures,  which 
are  obviously  due  to  currents.  CODAR  offers 
a  unique  method  of  supplying  these  systems 
with  ground-truth  data,  which  are  necessary 
for  understanding  the  imaging  mechanisms  and 
for  developing  processing  algorithms. 

A  ship-based  system  allows  to  operate  in 
open  water,  which  is  of  great  interest  for 
the  research  at  our  institute.  First  experi¬ 
ments  in  1984  were  encouraging  but  lacked 
through  the  unknown  velocity  of  the  ship. 
This  problem  was  overcome,  when  GPS  data  be¬ 
came  available  for  civil  use. 

2.  SHIP-BASED  CODAR 

Before  introducing  the  ship's  CODAR,  we 
shortly  present  the  basic  ideas  behind  the 
system. 

The  CODAR  system  transmits  pulses,  allowing 
resolution  in  range.  The  signal  is  partly 
backscattered  by  ocean  surface  waves  with 
one  half  of  the  radar  wavelength,  running 
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towards  or  away  from  the  radar  site  (Bragg 
scattering) . 

The  Doppler-shift  of  the  backscattered  sig¬ 
nal  yields  the  phase  velocity  of  the  scatte¬ 
ring  surface  waves/  which  is  composed  of  the 
theoretically  known  pnase  velocity  in  nonmov¬ 
ing  water  and  the  respective  component  of 
the  underlying  current  velocity.  Two  radar 
sites  at  distant  positions,  each  measuring 
radial  velocities,  are  necessary  to  deter¬ 
mine  two-dimensional  current  vectors. 

The  CODAR-system  used  works  with  an  (nearly) 
omnidirectional  transmit  antenna.  The  azimu¬ 
thal  resolution  is  performed  by  means  of  an 
array  of  four  receiving  antennas,  arranged  in 
a  square.  In  principle,  two  incident  angles 
may  be  resolved  for  each  frequency  of  the 
Fourier  spectrum. 

With  operating  the  CODAR  from  board  a  ship, 
a  number  of  problems  arise: 

a)  The  ship's  metal  perturbes  the  electro¬ 
magnetic  field,  and  the  angular  resolution 
cannot  be  carried  out  by  means  of  the  free- 
fleld  solutions.  This  problem  is  overcome  by 
using  measured  antenna  characteristics,  from 
which  we  only  regard  the  phase  differences 
between  the  antennas.  It  turned  out  that 
these  values  are  similar  to  the  free-field 
ones  and  allow  a  unique  azimuthal  resolution. 

From  phase  differences,  only  one  incident 
angle  may  be  resolved.  But  within  a  circle, 
the  Scune  radial  velocity  occurs  from  at 
least  two  directions.  In  order  to  avoid 
this  cimbiquity,  we  transitd*-  <nto  a  semicircle 
and  move  the  ship  with  low  velocity  (about 
1  kn). 

b)  The  ship  is  drifting,  and  the  measured 
current  velocity  has  to  be  corrected  with 
the  ship's  velocity.  For  this  purpose,  a 
GPS  is  Integrated  into  the  CODAR.  Its  accu¬ 
racy  mainly  determines  the  accuracy  of  the 
obtained  current  velocities. 

In  case  of  optimal  satellite  coverage,  GPS 
yields  ship  velocities  of  high  accuracy  with 
rms-values  below  5  cm/s .  This  estimate  is  ob¬ 
tained  for  a  fixed  position  (zero  velocity) . 


Because  of  pitch-and-roll  motions,  the  mea¬ 
surements  on  board  the  ship  yield  higher 
values.  On  board  R/V  KRONSORT,  the  ship  oper¬ 
ating  CODAR  during  NORSCSEX'88,  the  GPS-an- 
tenna  was  Installed  on  top  a  mast  20  m  above 
sea  surface,  for  which  roll  motions  caused 
amplitudes  up  to  3  m.  These  were  registrated 
by  GPS  and  a  comparison  with  accelerometer 
data  showed  excellent  agreement.  Otherwise, 
pitch  motions  with  amplitudes  below  1  m, 
could  not  be  resolved  by  GPS. 

Our  measurements  showed  that  the  ship's  drift 
cannot  be  kept  constant  during  the  measuring 
time  of  18  minutes,  but  varies  slowly  with 
amplitudes  of  10  cm/s  or  even  more.  For  con¬ 
sidering  this  effect,  the  time  series  are  di¬ 
vided  into  8  and  additional  7  overlapping 
parts,  for  which  radial  current  velocities 
are  computed  and  r'"'reoted  by  the  actual 
ship's  drift. 

c)  The  pitch-and-roll  motions  of  the  ship  in¬ 
duce  cunplitude  and  phase  modulation  of  the 
received  signal.  Calculations  with  synthetic 
data  show  that  the  respective  Doppler  lines 
become  relevant  in  case  of  antenna  movements 
of  the  order  of  the  electromagnetic  wave¬ 
length  (10  m) .  Transmit  and  receive  antennas 
were  Installed  at  about  half  the  height  of 
the  GPS  antenna,  that  means  they  moved  up 
to  1.5  m  in  both  directions .  As  theoretical 
results  show,  this  is  acceptable  to  the  as¬ 
sumed  accuracy. 

In  this  context,  another  modulation,  also 
affecting  the  land-based  system,  should  be 
mentioned.  The  relatively  short  scattering 
surface  waves  (5  m)  may  be  carried  by  long 
waves  (swell)  causing  additional  Doppler- 
shifts  due  to  their  orbital  motion.  To  a 
certain  extend,  this  effect  is  smoothened  by 
averaging  over  the  number  of  waves  covered 
by  a  radar  pulse  (2.4  km). 

Fig.  1  shows  radial  current  velocities  as  ob- 
tciinsd  fropi  rsidsjr  sit'SSi  Th6  lin*? 

marks  the  connection  of  the  land-  and  ship- 
station,  where  both  should  measure  the  Scune 
velocity.  Allowing  deviations  of  the  order  of 
10  cm/s,  this  was  the  case  throughout  the 
experiment.  The  example  of  Fig.  1  shows  opti- 
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mal  ranges  of  both  stations,  40  km  for  the 
ship  radar  and  50  km  for  the  land  radar. 
Depending  on  sea  condition  and  radio  noise, 
the  ranges  decreased  to  30  km  and  40  km,  re¬ 
spectively. 


Pig.  1;  Radial  current  velocities,  measured 
by  CODAR  from  board  R/V  KRONSORT 
(upper  panel)  and  tne  island  sjula 
(lower  panel)  . 

In  order  to  avoid  interference,  the 
measurements  were  carried  out  success¬ 
ively.  The  straight  line  connects 
both  sites. 


3.  SURFACE  CURRENTS  DURING  NORCSEX'88 


CODAR  data  during  NORCSEX'88  were  obtained 
from  two  sites,  one  land-based  on  the  island 
SULA,  the  other  ship-based  on  R/V  KRONSORT. 
The  experiment  was  performed  from  14  March, 
7;00  to  22  March,  11:00  NLT,  1988. 

While  the  land-based  system  worked  every 
hour,  the  ship  site  could  be  operated  only 
for  five  hours  in  the  morning  and  six  hours 
during  evening,  when  GPS  data  were  avail¬ 
able.  In  order  to  avoid  interference,  the 
measurements  from  both  sites  were  carried  out 
successively  around  full  hour.  A  few  measure¬ 
ments  are  lacking  because  of  system  failure. 
Due  to  bad  weather  conditions,  no  reliable 
data  were  obtained  on  18  March,  morning. 

R/V  KRONSORT  was  operated  from  two  different 
positions,  about  30  km  west  of  SULA  for  the 
first  days  of  the  experiment  and  afterwards 
the  same  distance  north  of  SULA. 

Fig.  2  shows  one  two-dimensional  current  map 
from  each  position.  The  grid  distance  is 
3  km.  Each  vector  is  obtained  from  radial 
velocities  measured  within  a  circle  of  3  km 
radius  around  a  grid  point.  That  means,  vel¬ 
ocities  of  adjacent  grid  points  depend  on 
each  other.  Around  the  connecting  line  of 
both  stations,  no  two-dimensional  vector  may 
be  constructed,  because  both  stations  measure 
the  same  component. 

The  first  example  in  Fig.  2  (upper  panel)  was 
chosen,  because  a  satellite  SST  (Sea  Surface 
Temperature)  image  is  available  for  that 
time.  There  is  some  obvious  similarity  with 
the  CODAR  map.  The  frontal  structure  of  sur¬ 
face  currents  coincides  with  gradients  of 
1°C  in  SST. 

The  sesond  example  in  Fig.  2  (lower  panel) 
shows  two-dimensional  currents  computed 
from  the  radial  velocities  of  Fig.1.  This  map 
shows  the  general  trend  of  current  flowing 
north-east  parallel  to  the  shelf. 

Maximum  current  speeds  are  of  the  order  of 
50  cm/s.  This  agrees  with  the  somwhat  smal¬ 
ler  velocities  observed  below  surface  by 
means  of  moored  Aanderaa  current  meters  and 
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a  ship-borne  ADCP  (Acoustic  Doppler  Current 
Profiler) . 

Unfortunately,  the  RBCM  (Rapid  Boundary  Cur¬ 
rent  Meter)  within  the  CODAR  area  failed  on 
15  March.  The  remaining  data  for  comparison 


Fig.  2:  Maps  of  two-dimensional  surface  cur¬ 
rents  measured  by  CODAR. 

Shown  are  excimples  from  both  posi¬ 
tions  of  R/V  KRONSORT.  For  the  upper 
map  a  satellite  SST  image  is  avail¬ 
able,  the  lower  map  is  constructed 
from  the  radial  velocities  of  Fig.  1. 


from  1 4  March  are  low  velocities  at  the  sen¬ 
sitivity  limit  of  the  RBCM.  Nevertheless, 
the  agreement  is  good. 

As  CODAR  maps  show,  surface  currents  may 
considerably  change  speed  and  direction  on 
scales  of  some  10  1cm.  Structures,  like  mean¬ 
ders,  fronts  and  eddies  are  visible.  These 
features  of  the  Norwegian  Coastal  Current 
have  been  observed  in  satellite  images  since 
several  years.  But,  contrary  to  CODAR,  these 
images  contain  no  information  on  current  vel¬ 
ocities. 

From  one  measurement  to  the  next,  that  means 
on  hourly  scales,  there  are  only  slight 
changes  in  the  current  field.  But,  in  accor¬ 
dance  with  the  wind  field,  currents  may  vary 
considerably  within  several  hours.  During 
the  experiment,  wind  speeds  ranged  from  0  to 
12  m/s  with  different  directions.  Periods  of 
relatively  stable  winds  took  between  6  and 
24  h. 

4.  CONCLUSIONS 

During  NORCSEX'88  the  ship-based  CODAR  worked 
successfully  with  an  accuracy  of  10  cm/s. 

The  currents  fields  observed  show  high  meso- 
scale  variability,  also  present  in  satellite 
images.  The  interpretation  is  still  on  the 
way.  Especially,  a  comparison  of  CODAR  with 
SAR  (Synthetic  Aperture  Radar)  data  is  lack¬ 
ing. 
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Abstract 

Repeated  track  analysis  of  the  GEOSAT  altimeter 
height  data  from  the  entire  Exact  Repetition  Mission 
(ERM)  have  been  used  to  reconstruct  the  mesoscale 
variability  of  the  sea  surface  topography  i  n 
Haltenbanken  region,  off  the  west  coast  of  Norway. 

The  unique  data  base,  obtained  during  NOECSEX'88, 
allow  us  to  investigate  the  capability  of  the  GEOSAT 
altimeter  to  resolve  the  mesoscale  ocean  height 
variations  (approximately  20  cm),  in  particular 
corresponding  to  the  existence  of  meanders  and 
eddies. 

Current  measurements  by  a  shipmounted  Acoustic 
Doppler  Current  Profiler  (ADCP)  and  simultaneous 
NOAA  AVHRR  images  provide  quantitative  estimates 
of  horizontal  extension  and  orbital  speed  of  these 
mesoscale  circulation  features.  The  analysis  of  these 
data  suggest  that  the  variability  in  the  ocean  currents 
and  corresponding  mesoscale  height  variations  can  be 
resolved  by  the  GEOSAT  altimeter  height  data. 

Key  words:  ALTIMETER,  GEOSAT,  OCEAN 

Circulation,  Eddies,  ADCP,  avhRR 

INTRODUCTION 

Haltenbanken  is  located  on  the  continental  shelf  off  the 
west  coast  of  central  Norway.  The  mesoscale  ocean 
circulation  in  this  region  is  affected  by  a  mixture  of 
several  mechanisms,  including  topographic  steering 
by  the  shelf  break  and  depressions  and  seamounts  on 
the  wide  continental  shelf  as  well  as  instability  at  the 
boundary  between  the  Norwegian  C.iastal  Current  and 
the  North  Atlantic  Current.  In  consequence 
generation  of  mesoscale  meanders  and  eddy  features 
occur  regularly. 


ORSERVATTONS 

The  GEOSAT  altimeter  investigation  during 
NORCSEX'88  is  part  of  a  preparation  study  for  the 
ERS-1  and  Topex^oseidon  radar  altimeter  missions. 

The  sea  surface  topography  data  from  the  US  GEOSAT 
altimeter  satellite  have  been  analyzed  by  repeated  track 
analysis  for  the  entire  Exact  Repeating  Mission  (ERM). 


The  GeoSAT  satellite  completed  almost  two  17  days 
repeat  cycles  during  the  duration  of  the  NORCSEX'88 
field  campaign  in  March  1988.  For  this  particular 
period  an  extensive  set  of  oceanographic  and 
meteorological  data  were  simultaneously  obtained 
from  research  vessels,  moorings,  drifting  buoys, 
aircrafts,  and  NOAA  satellites  (Johannessen  et  al., 
this  issue).  Comparison  of  the  altimeter  resolved 
variations  in  ocean  surface  topography  with  this 
extensive  set  of  in  situ  and  remote  sensing  data  allow 
us  to  evaluate  the  altimeter  measurements. 

A  series  of  cloud  free  images  from  the  NOAA  satellites 
resolved  the  horizontal  scales  of  the  eddies  and 
meanders  in  the  range  of  60  to  100  km.  The  Acoustic 
Doppler  Current  Profiler  (ADCP)  on-board  the  WV 
Haakon  Mosby  sampled  continuously  the  absolute 
current  from  the  surface  layer  (10  m  below  surface)  to 
the  bottom,  which  varied  from  a  depth  of  100  m  to  500 
m.  These  current  measurements  are  analyzed  by 
objective  methods  (Haugan  et  al.  ,  this  issue)  in  order 
to  construct  the  synoptic  mesoscale  variability  in  the 
ocean  currents.  Combination  with  current  data  from 
fixed  moorings  allow  separation  of  the  tidal  current 
component  from  the  ADCP  data.  The  horizontal 
scales,  obtained  by  the  ADCP  are  in  agreement  with 
the  typical  meander  size  resolved  in  the  AVHRR 
images.  In  addition  the  change  in  speed  is  50  cm  s-^ 
across  these  features  of  about  30  km.  The 
corresponding  change  in  sea  surface  topography  is 
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Figure  1:  The  residual  height  of  the  ocean  topography  as 
resolved  by  repeated  track  analysis  of  GEOSAT  altimeter  height 
data. 
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about  20  cm  when  the  geostrophic  balance  equation  is 
applied.  Since  the  vertical  velocity  structure  ’S  observed 
to  have  a  significant  barotropic  component  the 
observations  of  sea  surface  slopes  (heights)  and 
subsequently  comparisons  to  the  altimeter  ocean 
topography  measurements  are  valid.  In  Figure  1  the 
residual  height  of  the  altimeter  measured  topography 
for  an  ascending  track  is  shown.  A  significant 
anomaly  20  cm  in  height  and  100  km  in  width  are 
seen. 

In  order  to  construct  a  horizontal  contour  map  of  the 
residual  height,  8  ascending  and  6  descending  tracks 
were  selected.  Data  from  the  first  36  repeat  periods  of 
the  GEOSAT  ERM  were  used  in  the  analysis.  Each 
track  is  typically  a  few  himdred  kilometers  long  within 
the  box  considered  but  data  gaps  occur,  leading  to 
variation  in  the  extent  of  the  track  from  one  period  to 
the  next.  Small  lateral  deviations  are  also  present  in 
the  repeat  tracks.  To  facilitate  averaging,  equidistant 
points  were  defined  on  a  standard  track  and  trend- 
removed  height  data  were  interpolated  to  these  points 
from  the  closest  data  points  from  each  repeat  period. 
Then,  at  each  point  the  mean  height  and  the  standard 
deviation  were  computed.  For  the  two  NORCSEX 
periods,  the  mean  heights  were  subtracted  from  the 
original  trend-removed  data  to  give  the  mean 
deviation. 

After  the  data  from  each  track  were  processed  in  this 
manner,  a  plotting  program  was  used  to  map  the 
standard  deviation  (Figure  2),  which  give  indications 
of  the  mesoscale  variability  in  the  region. 


that  more  variability  occur  along  the  ascending  track 
direction.  This  is  expected  since  the  mean  flow 
direction  of  the  current  system  is  north  eastward.  The 
variability  range  from  5  to  20  cm.  Maximum  standard 
deviation  is  located  where  the  Norwegian  Coastal 
Current  accelerates  north-eastward  due  to  a  "bottle 
neck”  effect  induced  by  a  seamount  (Haltenbanken) 
ofi'shore. 

Finally,  a  full  analysis  using  all  the  trucks  from  the 
area  would  yield  a  more  comprehensive  picture  of  the 
mesoscale  variability  obtainable  from  satellite  radar 
altimetry. 


j  E  4'E  fe  fc  irE  irE  u-e 


Figure  2;  Standard  deviation  of  trend  removed  altimeter  height. 


It  is  possible  that  the  trend-removal  operation  may 
have  led  to  the  loss  of  part  of  the  mesoscale  signature, 
considering  the  short  length  on  a  few  of  the  tracks.  It 
IS  proposed  that  longer  tracks  should  be  used  in  future 
analyses.  Also  no  allowance  has  been  made  for  the 
eventuality  that  there  might  exist  significant 
differences  in  the  data  around  the  cross-over  points 
from  the  ascending  and  the  descending  tracks. 

The  contour  plot  is  elongated  in  the  descending 
direction  almost  parallel  to  the  coast.  This  suggests 
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Combinatio..  of  remote  sensing  and  in  situ 
data  sets  with  each  other  and  with  model  results 
are  used  for  description  and  understanding  of  the 
mesoscale  variability  in  the  area  around 
Haltenbanken  off  mid-Norway.  This  is  an  eddy- 
rich  region,  where  the  generally  northward¬ 
flowing  Atlantic  water  meets  a  widening 
continental  shelf  and  mixes  with  coastal  water. 

Data  collected  during  NORCSEX  in  March  1988 
allows  us  to  demonstrate  the  correlation 
between  sea  surface  structures  as  measured  by 
NOAA  AVHRR,  and  in  situ  measured  currents  along 
the  meandering  front  between  warm  Atlantic 
water  and  cold  coastal  water.  The  AVHRR 
imagery  is  supplied  with  grid  information, 
screened  for  clouds,  and  then  processed  to 
enhance  the  temperature  gradients.  In  situ 
current  measurements  are  obtained  from 
shipborne  Acoustic  Doppler  Current  Profiler 
(ADCP),  providing  large  areal  coverage  and  high 
vertical  resolution  in  a  short  survey  time. 
Bottom-tracking  of  the  ADCP  on  the  shelf  allows 
reliable  determination  of  absolute  currents. 
Synoptic  maps  are  obtained  through  objective 
analysis  of  the  ADCP  data,  utilizing  also  time 
serif  from  moored  current  meters  to  model  the 
tidal  components  of  the  current  variability. 

Following  an  initial  comparison  between 
AVHRR  sea  surface  temperature  structures  and  in 
situ  currents,  the  AVHRR  is  subsequently  used  as 
additional  data  to  improve  the  objective  analysis 
scheme  for  current  mapping  from  ADCP.  The 
analysis  of  the  current  field  is  constrained  by 
requiring  the  preservation  of  fronts  found  in 
AVHRR  images. 

A  CAM  m  m  “  m  m  ^ 

f-\  IMIW-IC4/CI  iiuiiit;i  locti 

model  covering  300km  x  200km  of  the 
experiment  area,  is  set  up  to  study  processes 
responsible  for  meandering  and  eddy  generation 
along  the  shelf  break  and  in  the  Norwegian 
Coastal  Current. 


“)  Bedford  Institute  of  Oceanography 
P.O.  Box  1006 

Dartmouth,  N.S.  B2Y  4A2,  Canada 


The  model  has  idealized  bottom  topography 
including  the  shelf  break,  the  northward  widening 
and  deepening  of  the  shelf,  and  the  Haltenbank 
represented  as  a  sea-mount.  Instabilities  in  the 
basic  configuration  and  interactions  with 
topography  are  explored,  and  compared  with  the 
observed  flow  patterns.  Numerical  model 
simulation  will  be  attempted  based  on  the  model 
results  from  the  idealized  current  structures  and 
bottom  topography. 


Fig.  1  Surface  temperature  from  AVHRR  on  25 
March 


Fig.  2.  ADCP  currents  at  25m  on  25  -  26  March 
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ABSTRACT 

During  NORCSEX-88  (HORwegian  Continental  Shelf 
Experiment)  in  the  Haltenbanken  region  off  the  coast 
of  Norway  in  March  1988,  a  quasi -simultaneous 
aircraft  underflight  of  the  Geosat  altimeter  took 
place  with  the  X-  and  C-band  SAR  on  board  the 
Canadian  Convair  580.  This  flight  transected  a  well- 
developed  .storm  in  which  high  waves  and  winds 
occurred. 

Analysis  of  the  Geosat  altimeter  sea  state 
parameters  are  presented  and  compared  with  SAR  and 
wavescan  buoy  data.  The  Geosat  sea  surface  wind 
speed  and  significant  wave  height  measurements  are 
used  to  compute  minimum  significant  swell  heights, 
and  parametric  JONSWAP  wave  spectra.  A  swell  family, 
sequentially  observed  by  the  Geosat  altimeter, 
propagated  from  a  region  southwest  of  Scotland  to  the 
Haltenbanken  region,  where  it  was  observed 
simultaneously  by  the  altimeter  and  the  aircraft  SAR. 
Swell  wavelength  deduced  from  the  Geosat  altimeter, 
the  airborne  SAR,  and  tne  wave  rider  buoys  are 
compared. 


1.  INTRODUCriON 


On  March  20,  1988,  as  part  of  the  NORCSEX-88 
experiment,  the  Canadian  Center  for  Remote  Sensing 
(CCRS)  Convair-580  (CV-580)  Synthetic  Aperture  Radar 
(SAR)  system  flew  a  data  acquisition  pattern  over  the 
Haltenbanken  region  of  the  Norwegian  continental 
shelf  to  provide  supporting  data  for  ocean  surface 
measurements  made  during  an  ascending  pass  of  the 
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features  of  the  aircraft  flight  pattern  and  the 
location  of  the  four  directional  wave  rider  and 
meteorological  buoys  that  monitored  sea  state  and 
atmospheric  conditions  during  the  whole  NORCSEX-88 
experiment.  The  SAR  flight  tracks  on  this  diagram 
are  34  degrees  incidence  angle  tracks  with  a  10 
nautical  miles  (n  mi)  wide  imaged  swath  which  starts 


at  the  aircraft  nadir.  The  first  line  (1/1)  was 
synchronized  with  the  Geosat  overflight  time  so  that 
the  two  data  sets  would  be  coincident  in  time  and 
space  in  the  vicinity  of  buoy  4.  The  second  line 
(2/2)  paralleled  the  first  with  the  radar  look 
direction  reversed  in  space  to  provide  confirmation 
of  line  1  data  and  to  monitor  temporal  changes  in  the 
ocean  surface.  Flight  lines  3  and  4  were  flown  to 
provide  multiple  aspect  angle  data  in  the  vicinity  of 
buoy  4  and  to  link  data  from  buoy  1.  During  all 
flight  lines,  the  X-  and  C-band  SAR's  were  operated 
in  VV  polarization  using  the  nadir  mode  of  the  system 
to  provide  surface  measurements  over  a  large 
Incidence  angle  range  (0  to  74  degrees). 


Figure  1:  CCRS  SAR  CV-580  flight  lines  pattern  on 
March  20,  1988  in  the  NORCSEX-88  area,  with  the 
locations  of  the  frontal  feature  SAR  observations 
along  each  flight  line  (FI  to  F4),  and  the  buoys 
locations. 
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The  simultaneous  airborne  SAR  and  Geosat 
altimeter  data  were  acquired  during  a  local  storm 
that  started  on  March  19  with  strong  winds  blowing 
from  the  southwest  along  the  coast.  During  the 
Geosat  pass  at  8  hours  UTC  on  March  20,  an  occluded 
front  was  located  over  the  Haltenbanken  region, 
parallel  to  the  Norwegian  coast. 

The  SAR  Imagery  obtained  on  March  20  is 
characterized  by  well-defined  wave  fields  throughout 
all  passes  and  systematic  slow  variations  in  radar 
return  with  sudden  discontinuities  at  the  crossing  of 
the  frontal  feature  in  the  vicinity  of  buoy  4  (marked 
FI,  F2,  F3,  and  F4  in  Figure  1).  This  front  is  very 
sharply  defined  and  is  seen  by  the  SAR  at  all 
incidence  angles.  This  SAR  feature  is  associated 
with  an  atmospheric  front  and  not  with  a  front  or  a 
current  boundary  in  the  ocean  surface  layer.  Similar 
features  observed  during  other  NORCSEX  flights  were 
probed  with  oceanographic  sensors  by  the  research 
vessel  Hakon  Mosby  and  were  found  to  be  sea  surface 
manifestations  of  surface  wind  structures  (pronounced 
wind  shear).  During  the  time  interval  between  the 
front  crossings  in  data  acquisition  passes  I  and  2 
(62  minutes),  the  front  had  shifted  16  n  mi  from 
position  FI  to  F2  (Figure  1).  The  shift  was  verified 
in  flight  line  3  and  line  4  (positions  F3  and  F4  in 
Figure  1). 

The  dominant  swell  field  observed  in  the  SAR 
Imagery  came  from  the  southwest  and  was  augmented  by 
a  wind  sea  especially  to  the  east  of  buoy  4. 


2.  THE  OCRS  CV-580  SAR  SYSTEM  DURING  NORCSEX-88 

The  CCRS  CV-580  C-  (5.30  GHz)  and  X-band  (9.25 
GHz)  SAR  system  was  the  primary  data  acquisition 
sensor  during  the  NORCSEX-88  flight  program  from 
March  11  to  March  21,  1988.  During  this  period,  the 
C-band  SAR  was  nearing  the  end  of  its  commissioning 
phase  but  the  X-band  was  newly  installed  and  provided 
its  first  extensive  ocean  imagery.  The  radar  systems 
are  described  in  detail  in  Livingstone  et  al.  (1987) 
and  in  Livingstone  et  al.  (1988). 

Both  C-  and  X-band  radars  employ  selectable 
transmitter  polarization  and  simultaneous  phase- 
coherent,  dual -polarized  receivers  to  allow  the 
acquisition  of  simultaneous  and  cross  polarized 
images.  Both  antennas  are  carried  on  the  srme  two 
axis  (azimuth/elevation)  controlled  drive,  they  view 
the  same  terrain  and  cannot  be  po.nted  independently. 
For  the  NORCSEX  experiment,  both  radars  were  operated 
exclusively  in  a  VV  polarized  single  channel  mode  for 
ocean  measurements.  The  wide  swath  imaging  mode 
(18  m  range  resolution,  61  km  swath  at  15  m  range 
pixel  separation)  was  used  for  investigation  of  large 
scale  sea  surface  structure  and  the  nadir  mode  (5.7  m' 
range  resolution,  16.4  km  swath  at  4  m  pixel 
separation)  was  used  to  measure  ocean  waves.  The 
nadir  mode  geometry  allows  Imaging  from  incidence  0 
to  74  degrees  and  the  real-time  processed  image  is 
normally  recorded  in  the  slant  range  plane  to 
minimize  field  errors  arising  from  errors  in  aircraft 
attitude  estimation. 


3.  THE  GEOSAT  ALTIMETER  SEA  STATE  MEASUREMENTS 

The  Geosat  altimeter  is  a  13.5  GHz  nadir- 
looking  pulse  compression  radar  that  performs  three 
independent  measurements; 


1)  the  altitude  of  the  altimeter  above  the  ocean 

surface  derived  from  the  time  delay  between 
transmission  and  reception  of  the  radar  altimeter 
signal ; 

2)  the  significant  wave  height  (Hl/3)  computed 
onboard  the  satellite  from  the  slope  of  the 
return  waveform  leading  edge;  and 

3)  the  surface  wind  speed  (U)  derived  from  the 

Automatic  Gain  Control  loop  used  to  normalize  the 
amplitude  of  the  ocean  return  signal. 

The  Geosat  radar  altimeter  system  is  described 
in  MacArthur  et  al.  (1987).  The  Hl/3  and  U 
measurements  are  acquired  along  the  satellite  track 
every  second  (over  a  distance  of  approximately  7  km) 
and  are  used  for  sea  state  analysis.  The  precision 
of  the  Hl/3  measurement  is  50  cm  rms  or  10  percent  of 
Hl/3,  whichever  is  greater,  and  the  wind  speed 
precision  is  1.8  m/s  rms  up  to  18  m/s  (Dobson  et  al., 
1987).  The  algorithm  selected  to  compute  the  wind 
speed  is  described  in  Brown  et  al.  (1981). 

From  the  Geosat  Hl/3  and  U  measurements,  a 
minimum  significant  swell  height  can  be  derived  when 
the  Hl/3  measured  by  the  altimeter  is  greater  than 
the  fully  developed  wave  height  derived  from  U.  The' 
fully  developed  wave  height  is  computed  using  the 
formulation  in  Pierson  and  Moskowicz  (1962).  When 
the  fully  developed  wave  height  associated  with  U  is 
smaller  than  the  altimeter-measured  Hl/3,  the 
difference  between  the  energy  in  the  altimeter  Hl/3 
field  and  the  fully  developed  wave  field  is  due  to 
the  presence  of  swell,  and  a  minimum  significant 
swell  height  can  be  computed  (Mognard,  1984). 


4.  SAR  AND  ALTIMETER  OCEAN  SCATTERING  CROSS  SECTION 
4.1  THE  SAR  MEASUREMENTS 

An  analysis  of  the  along-track  variation  in 
radar  reflectivity  at  constant  incidence  angle  is 
performed  using  outputs  from  the  C-band  SAR  real-time 
processor.  The  data  are  block  averaged  over  1.2  km 
ground  range  by  6  km  along  track  interval  centered  at 
34  degrees  Incidence  angle  (Figure  2a).  The  real¬ 
time  output  of  the  SAR  has  an  image  signal  magnitude 
that  is  a  monotonic  function  of  the  mean  ocean 
scattering  cross  section  and  thus  can  simply  be 
related  to  surface  wind  speed. 

Gray  and  Hawkins  (1985)  show  that  at  C-band  the 
relationship  between  radar  cross  section  (a)  and  wind 
speed  (U): 

a  -  CU’ 

is  valid  over  a  wide  range  of  wind  speeds  and 
incidence  angles  if  C  is  a  function  of  incidence 
angle  and  t  a  function  of  both  wind  jpeed  and 
incidence  angle. 

At  off-nadir  angles,  Bragg  scattering  is  the 
dominant  physical  effect  that  determines  the  return 
signal  to  the  radar  imaging  the  ocean  surface.  An 
increase  in  radar  reflectivity  corresponds  to  an 
increase  in  wind  speed,  such  as  the  case  of  the 
strong  wind-driven  sea  in  the  vicinity  of  buoy  2  near 
the  Norwegian  coast  (Figure  2a),  and  a  decrease  in 
radar  reflectivity  to  a  decrease  in  wind  speed,  as  in 
the  case  of  the  shar  'ecrease  of  7  dB  in  radar 
reflectivity  at  the  c  ing  of  the  frontal  feature 
FI  (Figure  2a). 
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Figure  2:  (a)  Variations  of  the  SAR  normalized 

return  along  flight  line  1,  location  of  buoy  2,  of 
the  frontal  feature  (FI)  and  of  the  edge  of  the 
continental  shelf;  (b)  quasi-simultaneous  variations 
of  the  Geosat  altimeter  cross-section  and  of  the 
derived  wind  speed. 


4.2  THE  GEOSAT  ALTIMETER  MEASUREMENTS 


For  the  Geosat  altimeter,  the  amplitude  of  the 
ocean-return  signal  is  normalized  via  an  Automatic 
Gain  Control  (AGC)  loop.  The  AGC  setting  measures 
the  backscatter  coefficient  at  the  ocean  surface 
which  is  dependent  on  wind  speed  (Mognard  and  Lago, 
1979).  The  scattering  cross-section  of  the  ocean 
surface  at  nadir  can  be  modelled  by  specular  points 
assuming  that  the  sea  surface  slopes  are  nearly 
gaussain  and  isotropic  in  their  distribution 
(Barrick,  1974).  The  altimeter  senses  the  variations 
in  specular  reflection  along  the  track  and  thus 
responds  to  changes  in  wind  speed  that  are  opposite 
fn  ths  SAR  r9Spons9S. 


During  NORCSEX-88  on  March  20,  the  variations 
of  the  Geosat  altimeter  ocean  cross-section  along 
with  the  derived  wind  speeds  are  shown  in  Figure  2b. 
The  position  of  the  front  (FI)  is  sharply  defined  by 
an  increase  of  0.6  dB  on  the  altimeter  cross-section 
(Figure  2b). 


The  Geosat  pass  starts  north  of  buoy  2,  which 
has  a  sheltered  position  near  the  Norwegian  coast 
(Figure  1).  On  March  20  at  5  hours  UTC,  buoy  2 
measured  a  wind  speed  of  8.5  m/s,  and  at  8  hours  UTC 
a  speed  of  8.9  m/s,  both  with  a  stable  wind  direction 
from  the  south-southwest.  A  local  fetch-limited  sea 
was  present  at  buoy  2  where  the  wind  speed 
measurements  are  in  good  agreement  with  the  Geosat 
wind  speed  at  9.3  m/s  at  the  start  of  the  pass.  Buoy 
4,  which  is  located  at  the  edge  of  the  atmospheric 
front  at  the  time  of  the  Geosat  pass,  recorded  very 
variable  wind  speeds  of  20.5  m/s  at  6  hours  UTC  and 
5.3  m/s  at  9  hours  UTC.  Buoy  4  was  measuring  very 
variable  wind  conditions  corresponding  to  an 
atmospheric  front  crossing. 


5.  SAR  AND  ALTIMETER  WAVE  MEASUREMENTS 
5.1  THE  SAR  PROCESSING 

SAR  images  of  ocean  waves  are  sensitive  to  SAR 
system  parameters,  such  as  incidence  angle,  radar 
frequency,  antenna  look  direction  relative  to  the 
wave  field,  integration  time,  and  slant  range 
distance  over  motion  of  the  SAR  platform  (R/V  ratio), 
as  well  as  wind  speed,  long  wavelength  wave  field, 
wave  height  and  slope,  and  surface  currents. 

A  SAR  preprocessing  is  performed  onboard  the 
aircraft.  This  processing  uses  the  onboard 
navigation  system  to  maintain  good  spatial  control  of 
the  image  locations.  The  radar  system  real-time 
motion  compensation  is  engaged  for  all  the  flight 
lines.  The  real  azimuth  correlator  provides  a 
focussed  image  output  in  flight.  This  unit  performs 
a  time  domain  correlation  between  seven  frequency 
defined  sub-beams  and  a  stored  azimuth  reference 
function  (computed  for  the  radar  imaging  geometry  and 
initial  ground  speed  at  the  start  of  each  flight 
line)  then  recombines  the  time  shifted,  detected  look 
images  to  form  an  output  magnitude  image. 

A  complex  precision  processing  is  performed  on 
the  ground.  This  processing  consists  of: 

1)  slant  to  ground  range  conversion,  (geometric 
correction  necessary  because  the  SAR  views  the 
ground  at  an  oblique  angle); 

2)  windowing  and  median  filtering  of  the  data  for 

speckle  reduction; 

3)  two-dimensional  Fast  Fourier  Transforms  (FFT) 

assuming  that  the  ocean  surface  can  be 
represented  as  a  stochastic  field;  and 

4)  application  of  a  modulation  transfer  function  to 

the  data  (Monaldo  and  Lyzenga,  1986). 

Plots  of  the  wave  number-intensity  spectra 
provide  information  about  wavelength  and  wave 
travelling  direction  along  the  track.  Ground 
corrected  area  with  512x512  pixel  size  have  been 
selected  in  order  to  approximately  contain  10  waves 
of  200  m  long  wavelength.  Wave  numbers  in  azimuth 
and  range  are  indicated  along  the  axis,  while  the 
circles  identifies  the  wavelength  for  every  100  m 
between  100  and  500  m.  In  order  to  obtain  the  wave 
trayoiiinn  dlrsctlon  Ih  S2rth  coordinstss,  ths  2xis 
must  be  rotated  clockwise  so  azimuth  becomes  parallel 
to  the  flight  direction. 
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Figure  3:  C-band  SAR  wave  number- intensity  spectra 
along  flight  line  1  at  a)  latitude  64*52',  longitude 
8*33',  and  at  b)  latitude  66*03',  longitude  5*26'. 


The  radar  look  direction  was  favorable  for 
flight  lines  1  and  2  on  March  20,  imaging  mostly 
range  travelling  waves.  These  waves  had  a  mean 
travelling  direction  of  230  degrees  with  a  mean 
wavelength  of  about  180  ra.  Figure  3a  and  3b  gives 
two  examples  of  wave  number-intensity  spectra  plots 
in  the  fetch  limited  region  south  of  the  front 
(Figure  3a)  and  beyond  the  continental  shelf  (Figure 
3b).  Both  plots  show  mainly  range  travelling  waves 
systems  coming  from  the  southwest.  In  the  fetch- 
limited  area  (Fiyuiu  Sa),  there  are  three  main  wave 
systems:  the  two  long  wavelength  systems  (180  and 
150  m)  are  30  degrees  apart,  and  the  shorter  wind- 
driven  wave  has  a  wavelength  cf  120  m.  In  the  open 
ocean  (Figure  3b),  there  is  one  long  wavelength 
system  between  185  and  270  m,  and  a  shorter  one 
between  95  and  120  m.  These  two  systems  are  range 
travelling  waves. 


5.2  THE  GEOSAT  ALTIMETER  WAVE  ANALYSIS 

The  Geosat  Hl/3  and  minimum  significant  swell 
heights  are  presented  in  Figure  4  along  with  the 
position  of  the  atmospheric  front.  The  Hl/3 
variations  show  a  steady  increase  from  the  start  of 
the  pass  to  almost  the  end  of  the  continental  shelf 
from  3  m  to  4.5  m.  Beyond  the  continental  shelf,  the 
mean  Hl/3  remains  stable  at  4.5  m. 

The  altimeter-derived  swell  is  lower  near  the 
Norwegian  coast  at  the  start  of  the  pass  with  a  mean 
height  of  2.5  m.  North  of  the  atmospheric  front  the 
mean  swell  height  is  3.5  m.  South  of  the  atmospheric 
front,  where  the  highest  winds  were  measured,  the 
swell  cannot  be  derived  from  the  altimeter  Hl/3  and  U 
measurements.  The  Pierson  Moskowicz  expression  used 
to  derive  the  swell  height  from  the  wind  speed 
measurement  assumes  that  the  wind  sea  is  fully 
developed.  In  the  middle  of  a  storm  when  the 
conditions  are  not  fully  developed  (as  is  the  case 
here),  the  altimeter-derived  swell  height  cannot  be 
estimated. 
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Figure  4:  Geosat  altimeter  Hl/3  and  swell  heights 
variations  on  March  20,  19B8,  over  the  NORCSEX-88 
area. 


During  the  March  20  SAR  flight,  the  dominant 
swell  and  wind  wave  fields  observed  in  the  SAR 
Imagery  came  from  the  southwest.  The  four  buoys 
measured  a  swell  coming  from  the  southwest  that  was 
still  present  and  dominant  during  the  SAR  flight.  On 
March  15,  this  swell  family  was  observed  west  of 
Scotland  by  the  Geosat  altimeter,  which  measured  high 
sea  state  conditions  along  one  pass  with  Hl/3  of 
7.30  m  and  wind  speed  of  16.53  m/s  at  54.13*N 
latitude  and  17.87*W  longitude.  Using  the  JONSWaP 
parametric  formulation  for  wave  generation  in  the 
midst  of  a  storm  (Hasselmann  et  al.,  1973),  the  peak 
period  of  the  waves  generated  during  this  storm  is 
estimated  at  12.5  s  which  corresponds  to  a  peak 
wavelength  of  240  m  (Mognard  et  al.,  1986).  Given 

fho  t-tmo  AKeov»«iaf  ^ An  + 

•  •••V  w.  vall<,4  VVtM 

should  have  reached  the  Haltenbanken  area  on 
March  17,  and  would  thus  on  March  20  only  be  a 
residual  system  arriving  from  the  southwest. 
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On  March  19,  at  5  hours  UTC,  a  storm  was 
measured  by  the  Geosat  altimeter  north  of 
Haltenbanken  at  latitude  72.04‘N,  longitude  4.55*E, 
with  maximum  Hl/3  of  5.38  m  and  wind  speed  of 
17.64  m/s.  Using  the  JONSWAP  parametric  wave 
spectrum  expression,  the  estimate  of  the  wave  peak 
period  generated  by  this  storm  Is  10.30  s  and  the 
time  of  arrival  at  buoy  4  Is  March  20  at  8  hours  UTC. 

5.3  THE  BUOY  WAVE  DATA 

An  analysis  of  the  buoy  data  on  March  20 
(Barstow  and  Bjerken,  1988)  shows  that  buoy  2  was 
measuring  a  local  fetch-limited  sea  with  westerly 
wave  direction.  Long  waves  were  refracted  by  the 
Haltenbanken  plateau  towards  buoy  2,  which  occupies  a 
sheltered  location  behind  the  bank.  At  8  hours  UTC, 
the  Hl/3  m,asured  by  buoy  2  was  2.1  m,  which  Is  low 
compared  to  the  altimeter  measurement  of  3.2  m  at  the 
start  of  the  Geosat  pass  (Figure  4).  This  1  m 
difference  between  Geosat  and  buoy  2  might  be  due  to 
the  sheltered  location  of  buoy  2  (at  the  same  time 
buoy  3  measured  4.7  m  and  buoy  1  measured  3.6  m  at 
9  hours  UTC,  both  In  good  agreement  with  Geosat). 

This  sheltering  effect  might  explain  the  almost 
constant  overestiraatlon  of  Geosat  Hl/3  In  the 
vicinity  of  buoy  2  during  NORCSEX-88  (Barstow  and 
Bjerken,  1988). 

At  9  hours  UTC  buoy  4  measured  an  Hl/3  of  5.3  m 
and  a  bimodal  wave  system,  with  a  residual 
southwesterly  swell  with  a  12.5  s  period  and  a 
northwesterly  system  with  a  peal;  spectral  estimate  at 
around  8.5  s.  The  northwesterly  wave  system  reached 
the  other  buoys  later  during  the  day  and  was  not 
Imaged  by  the  SAR  at  the  time  of  the  flight. 

However,  the  time  of  arrival  of  the  northwesterly 
system  is  In  very  good  agreement  with  the  Geosat 
estimation  of  the  10.3  s  northerly  swell. 


6.  CONCLUSION 

This  Is  the  first  time  that  quasi -simultaneous 
airborne  SAR  and  Geosat  altimeter  observations  were 
acquired.  On  March  20  an  occluded  front  was  located 
parallel  to  the  Norwegian  coast  and  was  Imaged  on 
each  of  the  four  SAR  flight  lines.  The  observations 
of  this  front  are  characterized  on  both  the  airborne 
SAR  and  the  Geosat  altimeter  profiles  by  a  sharp 
variation  In  the  Intensity  of  the  backscattered 
energy.  The  variation  of  the  SAR  normalized 
backscatter  Intensity  and  the  altimeter  cross  section 
reveal  the  same  features:  a  fetch-limited  region  In 
the  vicinity  of  the  Norwegian  coast  near  buoy  2;  an 
atmospheric  front  at  65.35*N  near  buoy  4;  and  a 
region  beyond  the  continental  shelf  north  of  65.6*N 
along  line  1  where  the  SAR  backscatter  was  uniform 
and  minor  variations  In  the  Geosat  cross-section 
occurred. 

The  sea  state  conditions  during  the 
simultaneous  SAR/Geosat  observations  were  quite 
complex.  The  wave  conditions  measured  by  the  four 
buoys  show  the  existence  of  several  wave  systems: 

1)  a  residual  southwesterly  swell  with  a  12.5  s  peak 

period  that  corresponds  on  the  SAR  to  well-imaged 
range  travelling  waves  and  can  be  traced  by 
Geosat  to  a  storm  that  occurred  southwest  of 
Scotland; 

2)  a  southwest  wind-driven  wave  family,  also  Imaged 

on  the  SAR;  and 


3)  a  new  Incoming  northwesterly  swell  with  a  period 
of  8.5  s  that  was  not  Imaged  on  the  SAR  but  that 
was  forecasted  using  the  Geosat  altimeter 
observations. 
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ABSTRACT 

NORCSEX-88  (NORwegian  Continental  Shelf 
Experiment)  took  place  during  March  1988  in  the 
Haltenbanken  region  off  the  Norwegian  coast.  The  sea 
state  conditions  were  highly  variable,  ranging  from 
calm  to  swell  dominated,  wind-wave  dominated,  and 
mixed  swell  and  wind-wave  situations.  The  Geosat 
altimeter  observed  sea  surface  wind  speeds  and 
significant  wave  heights  over  the  Northeast  Atlantic 
during  the  NORCSEX-88  experiment.  These  observations 
were  used  to  derive  fields  of  minimum  significant 
swell  heights  and  maximum  significant  wind  waves,  and 
also  parametric  Jonswap  wave  spectra. 

The  averaged  monthly  mean  fields  of  wind  speed, 
wave  height,  and  swell  heights  for  March  1988  show 
that  the  sea  state  conditions  in  the  Haltenbanken 
region  of  the  NORCSEX-88  experiment  were  not  extreme 
when  compared  to  the  conditions  in  the  North  Atlantic 
during  this  period.  The  three-day  averaged  mean  sea 
state  fields,  from  the  Geosat  altimeter,  show  the 
evolution  and  propagation  of  wind  and  wave  patterns 
across  the  North  Atlantic.  A  swell  family,  created 
off  Newfoundland,  propagated  all  the  way  across  the 
North  Atlantic  to  the  Haltenbanken  region. 

Individual  Geosat  passes  across  two  particularly 
intense  storms  during  the  NORCSEX-88  experiment  are 
analyzed  and  compared  to  weather  maps,  wave 
hindcasts,  and  wavescan  buoy  measurements.  These 
comparisons  show  that  the  Geosat  altimeter  can 
accurately  locate  atmospheric  fronts,  determine  swell 
propagation,  and  give  an  estimate  of  parametric  wave 
spectra  for  wind-wave  dominated  situations. 


Key  words:  Geosat,  NORCSEX,  Hl/3,  Wind  Speed,  Swell 


I.  INTRODUCTION 

Over  the  ocean,  the  Geosat  radar  altimeter 
measures  the  significant  wave  height  (Hl/3)  and  the 

/ll\  aiia**  a  mC 
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approximately  7  km  along  the  satellite  track.  The 
Hl/3  measurement  has  an  accuracy  of  50  cm  or  10 
percent  of  Hl/3,  whichever  is  greater  (Dobson  et  al., 
1987).  The  wind  speed  is  determined  from  the  amount 
of  power  reflected  by  the  ocean  surface  using  the 
algorithm  developed  for  the  Geos-3  altimeter  (Brown, 
1981).  The  wind  speed  measurements  have  an  accuracy 
of  1.8  m/s  for  winds  less  than  18  m/s  (Dobson  et  al., 
1987).  For  winds  higher  than  18  m/s,  the  power 
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reflected  toward  the  altimeter  antenna  is  greatly 
reduced  and  the  precision  of  the  wind  speed 
measurement  is  difficult  to  estimate  (Mognard  and 
Lago,  1979). 

An  estimate  of  minimum  significant  swell  height 
can  be  deduced  from  the  altimeter  sea  state 
measurements  (Hl/3  and  U),  except  within  ocean  areas 
covered  by  intense  storms  (Mognard  et  al.,  1986). 
Along  an  altimeter  track  the  maximum  height  of  the 
locally  generated  wind  waves,  corresponding  to  fully 
developed  conditions,  can  be  determined  from  the 
altimeter  wind  speed  measurements  using  the  Pierson 
and  Moskowicz  formulation  (Pierson  and  Moskowicz, 
1962).  If  the  altimeter  Hl/3  is  higher  than  the 
estimated  fully  developed  wind  wave  height,  then  a 
minimum  significant  swell  height  can  be  computed 
(Mognard,  1984).  This  technique,  developed  using 
Seasat  altimeter  data,  has  tracked  swell  propagating 
for  several  days  across  the  South  Pacific  (Mognard, 
1984)  and  the  North  Atlantic  (Mognard,  1983). 

Using  the  global  data  set  acquired  by  Seasat 
altimeter  during  its  3-roonth  lifetime  (July  to 
October  1978),  monthly  fields  of  wind  speed,  Hl/3, 
and  swell  revealed  the  presence  of  mesoscale  features 
that  are  not  present  in  the  long-term  monthly 
climatological  fields  (Mognard  et  al.,  1983).  This 
same  technique  has  been  used  to  compute  the 
altimeter-derived  monthly  fields  in  the  North 
Atlantic  during  NORCSEX-88  in  March  1988  (Figure  1). 

Sea  state  fields  derived  from  the  Geosat 
altimeter  in  the  North  Atlantic  for  two  consecutive 
3-day  periods  (March  6-8  and  9-11)  are  shown  in 
Hgures  2,  3,  and  4.  During  these  6  days  a  swell 
family  generated  during  the  March  6-8  period  in  the 
Northwest  Atlantic  off  Newfoundland  propagated  across 
the  Atlantic  and  reached  the  Haltenbanken  region  on 
March  11  during  a  local  storm.  The  Northwest 
Atlantic  storm  responsible  for  generating  the  swell 
was  sampled  by  the  altimeter  on  March  6  and  7.  For 
those  2  days,  a  JONSWAP  parametric  spectrum  is  used 
to  utilerniiiie  liie  wind-wave  peak  fiequeocy.  The 
arrival  time  of  the  resulting  swell  in  the  NORCSEX 
area  is  then  estimated. 

A  Geosat  pass  in  the  midst  of  the  local  storm 
that  occurred  on  March  11  in  the  Haltenbanken  region 
revealed  the  presence  of  a  3-5  m  background  swell 
superimposed  on  the  locally  generated  wind  waves. 
Comparisons  between  the  Geosat  estimates  of  swell 
height  and  period  and  the  Norwegian  WINCH  hindcasts 
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swell  give  a  very  good  agreement  for  the  height, 
period,  and  direction  of  the  swell.  Geosat  Hl/3  and 
wind  speed  measurements  in  the  center  of  the  March  11 
storm  are  in  good  agreement  with  simultaneous  buoy 
observations. 


II.  GEOSAT  MEAN  FIELDS  IN  THE  NORTH  ATLANTIC  FOR 
MARCH  1988 

Monthly  fields  of  wind  speed,  Hl/3,  and  swell 
heights,  characterize  the  regional  sea  state  features 
of  the  North  Atlantic  during  the  NORCSEX-88 
experiment.  Various  sea  state  features  which  appear 
in  the  long-term  climatological  fields,  such  as  the 
region  of  high  sea  state  in  the  Northwest  Atlantic, 
are  observed  in  the  Geosat  altimeter  averaged  monthly 
fields. 

11.1  THE  WIND  SPEED  FIELD 

The  Geosat  averaged  wind  speed  field  during 
March  1988  is  characterized  by  maximum  winds  of  9.25 
m/s  and  minimum  winds  of  7.25  m/s  (Figure  la).  The 
region  of  minimum  wind  speed  is  located  in  the 
Northeast  Atlantic  along  the  Norwegian  coast.  The 
Haltenbanken  area  had  a\  .-age  winds  between  7.25  m/s 
and  7.50  m/s,  which  is  low  compared  to  the  rest  of 
the  North  Atlantic.  There  are  two  regions  of  maximum 
wind  speed:  a  large  region  of  averaged  winds  higher 
than  9  m/s  in  the  middle  of  the  North  Atlantic,  south 
of  Iceland,  and  another  region  in  the  western  part  of 
the  North  Atlantic  between  Greenland  and  Newfoundland 
(partly  shown  in  Figure  1?.)  where  intense  storms 
usually  occur  during  boreal  winters. 

11. 2  THE  Hl/3  FIELD 
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The  mean  Hl/3  field  obtained  with  the  Geosat 
altimeter  in  the  North  Atlantic  in  March  1988  is 
shown  in  Figure  lb.  The  western  part  of  the  North 
Atlantic  is  covered  with  Hl/3  ranging  between  3  and 
3.5  m,  while  north  and  east  of  a  line  from  Iceland  to 
Scotland,  there  is  a  gradual  decrease  of  Hl/3  from  3 
to  2  m.  The  maximum  averaged  Hl/3  is  3.5  m  and  the 
minimum  is  2  m.  The  Haltenbanken  region  has  average 
Hl/3  of  2.25  m. 

1 1. 3  THE  SWELL  FIELD 

During  March  1988,  the  mean  significant  swell 
height,  derived  from  the  Geosat  altimeter,  vary 
between  2.25  and  0.75  m  (Figure  Ic).  The  highest 
swells,  greater  than  2  m,  are  located  South  of  50*N 
and  West  of  lO'W.  North  of  50*N,  the  mean  swell 
height  uniformly  decreases  to  0.75  m,  north  of  70*N. 
The  Haltenbanken  region  has  a  mean  swell  of  1.25  m 
slightly  but  significantly  higher  than  the  rest  of 
the  averaged  swell  in  March  along  the  Norwegian 
coasts. 


In  summary,  during  March  1988,  the  mean  monthly 
sea  state  fields  derived  from  the  Geosat  altimeter 
show  that  the  highest  sea  state  were  located  in  the 


Atlantic  being  characterized  with  lower  averaged  sea 
state  values. 


Figure  1:  Geosat  mean  monthly  fields  of  wind  speed 
(a),  Hl/3  (b),  and  swell  height  (c)  in  the  North 
Atlantic  during  March  1988. 


III.  GEOSAT  3-DAY  AVERAGED  FIELDS  IN  THE  NORTH 

ATLANTIC 

The  Geosat  3-day  fields  present  a  quasi - 
synoptic  view  of  the  ocean  sea  state  of  the  North 
Atlsntic.  MoQnsrd  st  2I.  (1986)  found  th2t  Qlvon  tho 
sampling  spatial  coverage  of  the  Seasat  radar 
altimeter,  a  3-day  averaging  of  all  observations  in  a 
given  ocean  area  provided  sufficiently  spaced  data  to 
generate  a  quasi -synoptic  view  of  rapidly  changing 
conditions  in  the  area.  These  fields  delineate  areas 
where  intense  storms  have  occurred  and  show  the 
propagation  of  ocean  swell.  Two  consecutive  3-day 
periods  during  the  beginning  of  March  1988  are 
presented:  March  6-8,  and  March  9-11.  The  first 
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3-day  period  was  a  very  calm  period  in  the 
Haltenbanken  region  with  an  intense  storm  in  the 
Northwest  Atlantic.  This  storm,  south  of  Greenland 
and  east  of  Newfoundland,  generated  a  swell  family 
that  reached  the  NORCSEX  area  after  3  to  4  days.  The 
second  3-day  period  from  March  9-11,  had  a  storm  in 
the  Northeast  Atlantic  where  the  swell  generated 
during  the  first  3-day  period  was  superimposed  on  the 
wind  wave  sea  created  by  the  ongoing  storm. 

Ill.l  THE  3-OAY  WIND  SPEED  FIELDS 


with  Hl/3  ranging  from  3-6  m  occurred  in  the 
Northwest  Atlantic,  with  a  gradual  decrease  in  Hl/3 
in  the  Northeast  Atlantic  where  the  Norwegian  coasts 
and  the  NORCSEX  area  had  Hl/3  less  than  1.5  m.  This 
situation  changes  completely  in  the  next  3-day  period 
(Figure  3b)  where  two  regions  with  waves  greater  than 
4  m  are  found  in  the  mid-Atlantic  extending  from 
Iceland  to  Scotian:*,  and  in  the  Haltenbanken  region. 
These  two  regions  of  high  Hl/3  are  composed  of  swell 
and  wind  waves,  as  can  be  seen  on  the  3-day  swell 
fields. 


During  March  6-8,  intense  winds  with  an  average 
maximum  of  14  m/s  occurred  South  of  Greenland  (Figure 
2a).  Averaged  winds  less  than  10  m/s  occurred  in  the 
eastern  part  of  the  North  Atlantic  ocean.  The  lowest 
mean  winds  were  observed  along  the  Norwegian  coast 
and  in  the  NORCSEX  area  where  they  were  less  than  6 
m/s.  During  the  next  3-day  period,  from  March  9-11 
(Figure  2b),  the  highest  mean  winds  of  11  m/s  were 
located  in  the  Northeast  Atlantic,  along  the 
Norwegian  coast  and  in  the  NORCSEX  area.  However, 
the  averaged  winds  were  lower  than  in  the  intense 
storm  in  the  Northwest  Atlantic  of  the  preceding 
3-day  period. 

6  to  8  Morch  1988  -WIND  SP£EO(m/s)- 


1988. 


III. 2  THE  3-OAY  Hl/3  FIELDS 

During  the  March  6-8  period,  the  average  Hl/3 
field  measured  by  the  Geosat  altimeter  (Figure  3a) 
shows  that  the  highest  magnitude,  6  m,  occurred  south 
of  Greenland  where  the  highest  winds  were  observed 
during  the  same  period  (Figure  2a).  A  large  region 
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Figure  3:  Geosat  3-day  Hl/3  fields  in  the  North 
Atlantic  for. (a)  March  6-8  and  (b)  March  9-11,  1988. 


III. 3  THE  3-DAY  SWELL  FIELDS 


The  averaged  3-day  swell  fields  (Figures  4a-b) 
show  the  swell  fields  which  occurred  in  the  North 
Atlantic.  The  first  3-day  field,  the  period  March 
6-8  (Figure  4a),  shows  an  area  of  high  swell,  with  a 
maximum  of  3.5  m,  in  the  Northwest  Atlantic,  south  of 
Iceland.  This  shows  the  start  of  the  swell 
propagation  from  the  region  of  high  winds  and  high 
Hl/3  observed  during  the  same  period  south  of 
Greenland  (Figures  Za  and  3a).  During  this  first 
3-day  period,  northeast  of  a  line  between  Iceland  and 
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1  m  in  the  NORCSEX  region.  Three  days  later  (Figure 
4b)  the  core  of  swell,  higher  than  3  m,  moved  toward 
the  east  and  extended  between  Iceland  and  Scotland. 
The  2  m  swell  moved  towards  the  northeast  and  reached 
the  Haltenbanken  area,  where  mixed  south  westerly 
swell  was  superimposed  on  a  wind  sea  generated  by  a 
storm  on  March  10  and  11. 
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Figure  4:  Geosat  3-day  derived  swell  height  fields 
In  the  North  Atlantic  for  (a)  March  6-8  and  (b)  March 
9-11,  1988. 


IV.  THE  SWELL  GENERATION  AREA  IN  THE  NORTHWEST 
ATLANTIC 

IV. 1  THE  JONSWAP  SPECTRA  IN  THE  MIDST  OF  THE  STORM 

Between  March  6  and  8  an  intense  storn  occurred 
in  the  Northwest  Atlantic.  Parts  of  this  storm  were 
observed  by  the  Geosat  altimeter  on  two  consecutive 
days.  On  March  6  at  12  hours  UTC,  Geosat  measured 
high  winds  along  one  pass  with  maximum  wind  speed  of 
20  m/s  and  Hl/3  of  7  m  at  56*N  and  50’W.  On  March 
7,  at  3  hours  UTC,  the  Geosat  altimeter  measured 
Hi/3,  varying  between  5  and  9  m,  with  winds  reaching 
13  m/s  at  60*N  and  40‘W.  This  storm  then  moved 
northeast. 

In  the  absence  of  swell,  Hl/3  measured  by  the 
altimeter  in  the  midst  of  a  storm  is  representative 
of  either  a  fully  developed  condition  or  a  duration- 
limited  situation.  In  this  case,  nearly  all  spectra 
can  be  determined  by  a  JONSWAP  parametric  form  of  the 
spectrum  (Hasselmann  et  a1.,  1973).  This  parametric 
represenlaiioti  was  u.eu  with  Ihe  Seasal  allimelui  lu 
estimate  wave  spectra  ir.  the  Southern  Ocean  during 
winter  storm  conditions  (Mognard  et  a1.,  1986). 

The  peak  frequency  of  the  JONSWAP  spectrum  (fm) 
can  be  determined  by  means  of  the  altimeter  measured 
wind  speed  and  Hl/3  using  the  JONSWAP  dimensionless 
energy  frequency  relationship  (Hasselmann  et  a1., 
1976).  For  March  6,  the  observed  wind  of  20  m/s  and 
Hl/3  of  7  m  gives  a  peak  frequency  fm-0.085Hz,  or  a 


period  of  11.7  s.  For  March  7,  the  measured  maximum 
wind  speed  of  18  m/s  corresponds  to  an  Hl/3  of  7.5  m 
and  gives  a  peak  frequency  of  0.079  Hz,  or  a  period 
of  12.6  s. 

IV. 2  THE  SWELL  PROPAGATION  TO  THE  HALTENBANKEN 

REGION 

The  two  Geosat  passes  of  March  6  and  7  in  the 
Northwest  Atlantic  may  not  have  observed  the  highest 
wind  speeds  and  Hl/3  that  occurred  in  this  particular 
storm.  Indeed,  given  the  sparse  temporal  and  spatial 
coverage,  they  probably  did  not.  The  sea  state 
conditions  measured  on  March  7  are  representative  of 
more  fully  developed  conditions  than  the  sea  state 
parameters  measured  on  March  6.  Considering  the  sea 
state  conditions  measured  on  March  7,  the  propagation 
velocity  of  waves  with  a  12.6  s  period  is  10  m/s. 
These  waves  should  arrive  in  the  NORCSEX  area 
approximately  3.13  days  after  the  time  when  they  were 
generated,  on  March  10  at  11  hours  UTC.  If  we  assume 
that  the  highest  sea  state  in  this  storm  could  occur 
only  during  a  period  within  6  hours  before  or  after 
the  time  when  Geosat  measured  the  highest  sea  state, 
it  gives  a  propagation  time  for  the  12.6  s  period 
waves  between  2.88  and  3.38  days.  It  is  impossible 
to  evaluate  what  the  highest  sea  state  in  this  storm 
was  without  any  other  data  acquired  at  a  different 
time  or  place  than  the  Geosat  passes.  Therefore,  the 
12.6  s  period  is  only  indicative  of  the  period  of  the 
swell  propagating  from  the  storm.  If  the  Geosat 
missed  the  highest  sea  state  conditions,  than  the 
period  of  the  resulting  swell  would  have  been 
greater. 


V.  THE  MARCH  11  STORM  IN  THE  NORCSEX  AREA 

The  Geosat  altimeter  at  1  hour  UTC  on  March  11 
acquired  data  during  an  intense  storm  in  the  NORCSEX 
area.  Figure  5  shows  the  variations  of  Hl/3  and  wind 
speed  along  the  pass  and  the  quasi-simuHaneous 
measurements  at  0  and  3  hours  UTC  of  a  buoy  located 
along  the  satellite  track.  The  sharp  change  in  wind 
speed  at  65'N  latitude  from  5  to  15  m/s  corresponds 
to  the  crossing  of  an  occluded  front.  East  of  this 
front  where  the  altimeter  winds  are  low,  between  5 
and  6  m/s,  the  Hl/3  measured  by  the  altimeter  is 
about  3  m,  indicating  the  presence  of  a  swell.  Thus, 
the  wave  regimn  along  the  pass  is  a  combination  of 
wind  wave  and  swell.  Using  the  Pierson-Moskowicz 
formulation  for  fully  developed  waves,  minimum 
significant  swell  heights  are  estimated  and  compared 
to  the  WINCH  hindcasts  along  the  satellite  track 
(Figure  6).  In  the  middle  of  the  storm,  where  the 
Hl/3  measured  by  the  altimeter  is  lower  than  the 
fully  developed  wind  wave,  no  swell  heights  can  be 
estimated.  The  WINCH  swell  periods  along  the  tack 
vary  between  13.1  s  and  12.8  s,  with  a  mean 
propagation  direction  toward  the  east.  The  swell 
direction  is  in  perfect  agreement  with  the  Geosat 
location  of  the  generating  storm  in  the  Northwest 
Atlantic.  The  Geosat  estimate  of  the  swell  peak 
period  at  12.6  s  indicates  that  the  Geosat  tracks 
came  close  to  the  center  of  the  storm  and  the 
altimeter  observed  nearly  the  maximum  sea  state  that 
occurred. 
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Figure  5:  Geosat  wind  speed  and  Hl/3  variations  at 
1  hour  UTC  during  the  March  11  storm  in  the  NORCSEX 
region,  with  buoy  measurements  along  the  track  at 
0  and  3  hours  UTC. 
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Figure  6;  Geosat  deduced  swell  heights  along  the 
pass  on  March  11  in  the  NORCSEX  area  and  WINCH  swell 
heights  hindcasts  along  the  track. 
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Figure  5:  Geosat  wind  speed  and  hl/3  variations  at 
1  hour  UTC  during  the  March  11  storm  in  tne  NORCSEX 
region,  with  buoy  measurements  along  the  track  at 
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Figure  6:  Geosat  deduced  swell  heights  along  the 
pass  on  March  11  in  the  NORCSEX  area  and  WINCH  swell 
heights  hindcasts  along  the  track. 
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Abstract 

Many  textural  and  tonal  measures  have  been  proposed  and 
used  to  classify  sea  ict  from  imagery  collected  by  a  synthetic 
iiperture  radar  (SAR).  These  metisures,  however,  are 
compiitationally  expensive  to  calcuhite.  Moreover,  the 
hcliavioiir  of  some  measures  in  the  sea  ice  application  is  largely 
unknown. 

In  this  study,  the  characteristics  and  relationship  between  five 
textural  measures  derived  from  the  spatial  grey  levels  or  co- 
occurence  tnatrix,  non-coherent  averaging,  standard  deviation, 
and  a  texture  measure  that  accounts  for  speckle  noise  arc 
examined  for  a  X-band  and  L-band  SAR  dataset.  Initial  rc.sults 
suggest  that  a  high  correlation  exists  between  mca.surcs  and 
therefore,  significant  savings  in  computation  can  be  achieved  by 
eli.minating  redundant  channels. 


1.0  Introduction 

With  the  launch  of  E-ERS-1  and  RADARSAT  satellites,  a  large 
volume  of  data  will  be  available.  The  manual  extraction  of  the 
location  and  identification  of  ice  types,  however,  is  slow  and 
may  not  meet  the  throughput  retiuirements  for  operational 
applications.  To  improve  turnaround,  automatic  techniques  to 
classify  ice  types  could  be  implemented. 

It  is  well  known  that  both  tone  and  texture  cun  be  used  to 
discriminate  between  ice  types.  However,  the  characteristics 
and  utility  of  different  textural  measures  for  the  sea  ice 
application  is  not  well  understood. 

In  this  paper,  the  characteristics  of  some  tone  and  textural 
features  are  investigated.  In  section  two,  the  datasets  used  in 
this  study  are  described  while  section  three  outlines  the 
procedure  used  to  process  the  data  and  extract  statistical 
information  on  the  sea  ice.  The  analysis  of  the  statistical  data 
is  discussed  in  .section  four  and  conclusions  follow  in  section 
five. 

2.0  Dataset  Description 

Two  digital  SAR  datasets  are  evaluated  in  this  study.  The 
Mould  Bay  scene  was  acquired  with  the  Intera  STAR-1  system 
and  the  second,  a  view  of  the  marginal  ice  zone  in  the  Beaufort 


Sea,  was  imaged  with  the  SEASAT  satellite.  The  .system 
configuration  for  each  sensor  is  summarized  in  Table  1. 

In  conjunction  with  the  SAR  pass  over  Mould  Bay  on  March  3, 
1984,  a  surface  truth  program  was  started  on  March  15 
(Bjerkclund  et.  al.,  1984).  Although  a  two  week  period 
separated  the  overflight  and  surface  truth  collection,  the 
dutu.scts  arc  comparable  because  the  ice  remained  stable  during 
this  period  (Cameron  M.A.,  1986).  In  the  scene,  a  cluster  of 
old  ice  floes  are  in  the  middle  of  the  bay  and  surrounded  by 
thinner  first-year  (FY)  ice.  Landfast  ice  is  present  along  the 
shore  and  in  a  sheltered  bay. 

Prior  to  proce.ssing  the  digital  imagery  for  Mould  Bay,  the 
resolution  and  size  of  the  imagery  was  reduced  by  a  factor  of 
two.  This  was  achieved  by  convolving  the  image  with  a  2  by  2 
averaging  filter  then  decimating  by  two  in  both  the  x  and  y 
directions  to  produce  an  image  one  quarter  the  area  of  the 
original,  or  12  meter  square  pixels. 

'Htc  second  dataset,  collected  by  the  SEASAT  satellite  on 
October  5,  1978,  covers  a  100  km  square  area  of  sea  ice  in  the 
marginal  ice  zone.  Over  60  percent  of  the  scene  is  covered 
with  old  ice  floes.  Young  FY  ice  covers  the  remaining  portion 
of  the  scene  except  where  new  ice  has  recently  formed  in  areas 
of  floe  movement. 

No  preprocessing  of  the  SEASA’P  data  was  performed  before 
input  to  the  processing  stage  described  in  the  next  section. 

3.0  Data  Processing 

The  data  processing  was  performed  on  an  image  analysis  system 
(IAS)  manufactured  by  DIPIX  Technologies  Ltd.  using  the 
standard  software  package  as  well  as  custom  software  developed 
at  the  Canada  Centre  for  Remote  Sensing. 

In  the  first  stage,  tone  and  textural  features  were  generated  for 
each  location  on  the  image.  Then,  representative  samples  of 
the  (iillerent  ice  types  were  manually  delineated  on  the  IAS. 
Statistics  of  the  samples  for  tk  features  were  calculated  for 
each  ice  type  and  graphed  as  illu..trated  in  Figures  1  and  2.  To 
supplement  the  graphs,  the  correlation  between  features  for 
each  ice  type  was  determined  and  tabulated  (Tables  2  and  3). 

The  nine  features  evaluated  in  this  study  include  : 
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correlated  (Tables  3a-c)  but  confusion  between  new  and  young 
ice  types  exist. 

Contrast,  dissimilarity,  and  the  standard  deviation  values 
(Figure  3b),  show  new  and  young  ice  with  overlapping 
signatures.  Commensurtite  with  the  other  features,  old  ice  is 
separable  from  new  and  young  ice. 

The  field  texture  shows  a  very  small  signature  variation  for  new 
ice.  However,  the  new  ice  signature  is  within  the  range  of  the 
young  ice  values  indicating  confusion  between  the  two  ice  types. 
Old  ice  has  significantly  lower  values  and  is  separable  from  the 
others. 

In  summary,  two  classes  of  ice  are  clearly  distii.guishable  based 
on  the  average  values  for  the  individual  features  ;  new-young 
ice,  and  old  ice.  It  is  unknown  with  this  analysis,  however,  if 
the  features  used  in  combination  would  discriminate  between 
the  new  and  young  ice  types. 

Mould  Bay  vs  Marginal  Ice  2^ne 

When  highly  correlated  features  in  one  scent  are  compared 
with  correlated  features  in  the  other,  a  consistent  behaviour  is 
observed.  Correlated  features  are  the  same  in  both  scenes. 
Moreover,  four  distinct  groups  containing  correlated  features 
can  be  recognised. 

In  the  first  group,  the  tone  and  mean  filtered  image  are 
correlated.  The  reason  for  this  is  obvious.  Entropy, 
homogeneity,  and  uniformity  form  the  second  group  with 
correlation  values  greater  than  0.8.  Similar  correlation  values 
(>  0.8)  are  observed  within  the  third  group  which  consists  of 
contrast,  dissimilarity,  and  the  standard  deviation  measures. 
Field  texture  is  in  a  group  of  itself  with  little  correlation  with 
the  others. 

The  dissimilarity  and  standard  deviation  measures  are  also 
correlated  with  the  entropy,  homogeneity,  and  uniformity  group, 
especially  for  first  year  ice  types. 

5.0  Conclusions 

In  this  study,  the  charactistics  of  nine  spectral  and  textural 
features  are  investigated.  It  was  found  that  they  could  be 
divided  into  four  groups,  each  group  containing  correlated 
features.  One  group  contains  the  tone  and  mean  filtered 
images,  a  second  with  entropy,  homogeneity,  and  uniformity 
measures.  A  third  group  consists  of  contrast,  dissimilarity,  and 
standard  deviation.  The  field  texture  measure  is  in  the  fourth 
group. 

These  initial  results  suggest  that  some  of  the  measures  are 
redundant  and  could  be  eliminated  from  a  classification  scheme 
without  affecting  the  results.  However,  the  selection  of  best 
features  to  be  used  alone  or  in  combination  is  a  subject  for 
future  research.  Further  study  on  the  affect  of  different 
distance  separations  and  optimal  window  size  used  to  generate 
the  co-occurrence  matrix  is  also  necessary. 
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Toble  1.0.  Sensor  Characteristics. 


SENSOR 

WAVEUNGTM 

INCIDENCE  ANGLE 

PIXEL 

SWATH 

POLARIZATION 

NEAR 

FAR 

(n>> 

WIDTH 

(kn) 

SEASAT 

L  (^3.5  cm>  HH 

18 

25 

12.5 

100 

STAR-1 

X  (3.2  cm)  KH 

68.5 

78.9 

6 

23 

Toble  2.0.  Houtd  Boy  correlation  coefficients  between  features. 

0}  Correlation  coefficient  matrix  for  Old  Ice  in  Nould  Boy. 

CONT  DIS5  ENIR  HWO  MEAN  ORIG  STOP.  TEXT 

OISS  0.944 

ENTR  0.302  0.496 

HOW  -0.378  -0.589  -  0.931 

MEAN  0.015  -0.003  -0.368  0.341 

ORIC  0.071  0.054  -0.272  0.238  0.629 

STOE  0.926  0.957  0.442  -0.519  0.015  0.069 

TEXT  0.714  0.665  0.289  -0.336  -0.276  -0.132  0.749 

UHIF  -0.184  -0.369  -0.945  0.879  0.426  0.331  -0.296  -0.181 


b)  Correlation  coefficient  matrix  for  Landfast  ice  in  Mould  Bay. 

COM!  DIES  ENTR  HOMO  MEAN  ORIG  SIDE  TEXT 

DIS5  0.946 

ENTR  0.718  0.826 

HOMO  -0.814  '0.933  -0.902 

MEAN  0.433  0.458  0.391  -0.433 

ORIG  0.341  0.381  0.316  -0.358  0.629 

SIDE  0.908  0.933  0  770  -0.848  0.479  0.381 

TEXT  0.328  0.298  0.192  -0.207  -0.028  -0.017  0.352 

ONIF  -0.561  -0.765  -0.957  0.871  -0.366  -0.300  -0.716  -0.162 


c)  Correlation  coefficient  matrix  for  FT  »ce  in  Mould  Bay. 

CONT  DISS  ENTR  HOMO  MEAN  ORIG  STOE  TEXT 

OISS  0.934 

ENTR  0.609  0.758 

HOMO  -0.701  -0.882  -0.860 

MEAN  0.364  0.419  0.356  -0.412 

ORIG  0.341  0.392  0.329  -0.384  0.929 

STOE  0.903  0.951  0.728  -0.813  0.444  0.406 

TEXT  0.239  0.182  0.078  -0.064  -0.623  -0.553  0.222 

UMIF  -0.477  -0.647  -0.946  0.823  -0.312  -0.287  -0.606  -0.034 


VALUS  VALUE 


750 


Table  3.0.  Marginal  fee  zone  correlation  coefficients  between  features. 


a)  Correlation  coefficient  matrix  for  New  Ice  in  the  marcfnal  ice  zone. 
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b)  Correlation  coefficient  matrix  for  Old  lee  in  the  marginal  ice  zone. 
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c)  Correlation  coefficient  matrix  for  Young  Ice  In  the  marginal  Ice  zone. 

CONI  DISS  EMIR  HOMO  MEAN  ORIG  STOE  TEXT 

OISS  0.907 

ENIR  0.548  0.755 

HOMO  -0.578  -0.829  -0.884 

MEAN  0.584  0.700  0.526  -0.612 

ORIC  0.491  0.585  0.442  -0.513  0.832 

STOE  0.88S  0.953  0.700  -0.753  0.713  0.564 

TEXT  0.541  0.371  0.181  -0.128  -0.261  -0.255  0.417 

UNIF  -0.392  -0.606  -0.921  0.845  -0.419  -0.346  -0.541  -0.104 


Figura  la.  Mean  and  standard  deviation  for  lea  In  Mould  Bay. 
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Pigura  2a.  Maan  and  sta.ndard  daviatlon  for  ice  in  the  MIZ. 


Figure  1b.  Maan  and  standard  deviation  for  lea  In  Mould  Bay. 


Figure  2b.  Maan  and  standard  deviation  for  ice  in  the  MIZ. 
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ABSTRACT 

The  Alaska  SAR  Facility  (ASF)  at  the  Univc'sity  ol 
Alaska  Fairbanks  is  a  NASA  program  designed  to  receive, 
process,  and  archive  SAR  data  from  ERS-1  as  well  as 
support  science  investigations  that  wilt  use  this  regional 
data.  As  part  of  ASF,  specialized  subsystems  atid  algorithms 
arc  under  dcvciopmcnl  to  produce  certain  geophysical 
products  from  the  SAR  data,  in  particular  ice  motion,  ice 
classification,  and  ice  concentration.  This  paper  focuses 
on  the  algorithm  under  development  for  ice  classiricalion 
and  the  verification  of  the  algorithm  using  recently 
a-cuired  C-band  aircraft  SAR  imagery  over  the  Alaskan 
A.ctic. 

Keywords:  Ice  classification,  aircraft  SAR,  algorithm 
development. 


1.  INTRODUCTION 

The  Geophysical  Processing  System  (GPS)  of  the 
Alaska  SAR  Facility  (ASF)  is  being  designed  to 
automatically  process  ice  and  ocean  geophysical  products 
from  SAR  data  received  from  the  European  ERS-l,  Japanese 
ERS-I,  and  Canadian  Radarsat  missions.  The  ASF,  located  at 
the  University  of  Alaska  Fairbanks,  will  receive,  process, 

and  archive  SAR  products  obtained  within  its  station  mask 
from  the  three  satellites.  The  GPS  will  then  produce  ice 

motion,  ice  type,  and  ice  concentration  maps  as  well  as 

limited  quantities  of  ocean  directional  wave  spectra  in 

geophysical  units.  This  paper  focuses  on  the  ice 
classification  algorithm  under  development  and  some 
preliminary  results  using  C-band  aircraft  SAR  imagery 
which  is  quite  similar  to  the  SAR  data  expected  from  the 
European  ERS-I  sensor. 

The  ERS-I  SAR  is  single  frequency  (C-band,  5.3  GHz),  single 
polarization  (VV)  and  has  a  fixed  look  angie  of  23  ucgiecs. 
The  satellite  will  be  in  a  sun-synchronoi's,  98  degree  orbit 
and  is  expected  to  acquire  extensive  imagery  of  sea  ice 
over  the  Arctic  Ocean  and  adjacent  seas.  The  GPS  is  being 
designed  to  utilize  the  low  resolution  (100  m  pixel  spacing) 
data  product  processed  at  ASF.  The  low  resolution  product 
is  an  8  by  8  pixel  averaged  set  ;  made  from  the  4-Iook 
ground  corrected  full  resolution  (25  m)  image  and  is  1024 
by  1024  pixels  in  size. 


The  aircraft  SAR  imagery  used  in  the  algorithm 

development  was  obtained  during  the  March  1988  NASA 
pC-8  SSM/I  validation  program  which  obtained  SAR 
imagery  over  many  regions  of  the  Alaskan  Beaufort, 
Chukchi,  and  Bering  Seas.  The  aircraft  SAR,  designed  and 
built  by  JPL,  operates  at  three  frequencies,  C-,  L-,  and  P- 
bands  with  full  quad-polarization.  The  imagery  has  a 
resolution  in  range  and  azimuth  of  10  m  and  a  swath  width 

of  7-10  km  over  an  incidence  angle  range  from  20  to  60 

degrees.  In  addition  to  the  SAR,  other  sensors  which 

obtained  data  during  the  program  included  the  AMMR 
profiling  radiometer  and  the  KRMS  imaging  radiometer,  as 
well  Landsat,  SSJv/l,  and  ORLS.  Other  comparison  data 
obtained  included  video  and  hand-held  photography, 
vuicc-rccordcd  observations,  and  surface  measurements 
from  an  ice  camp  in  the  Beaufort  Sea.  These  SAR  data 
represent  a  very  valuable  set  of  imagery  over  regionally 
varied,  winter  conditions  that  arc  particularly  useful  for 
verifying  the  ASF  ice  classification  algorithm. 


2.  DATA  SIMULATION 

The  data  simulation  and  ice  classification  flow  chart  is 
shown  in  Figure  1.  The  •'ircraft  C-band  SAR  high 
resolution  imagery  were  used  to  generate  4-loo!i  square- 
root  intensity  images  of  sea  ice  of  sizes  1024  samples  by  750 
records  each  (Fig.  2).  To  simulate  the  ERS-1  imagery,  the  4- 
look  images  were  convolved  with  an  8  x  8  smoothing  (box) 
filter  which  is  identical  to  the  procedure  used  to  generate 
the  low  resolution  (100  m)  imagery  at  ASF.  The  sample 
spacing  was  not  changed  and  kept  at  100  m  so  the  resulting 
images  are  over  sampled.  The  signal-to-noise  (SNR)  ratio 
for  the  aircraft  imagery  is  about  -30  dB  which  is 
considerably  belter  than  the  ERS-I  expected  SNR  of  about  - 
18  dB  so  a  noise  level  was  added  to  the  aircraft  data  to 
produce  the  cxpcelcd  SNR  of  9  dB  for  multiyear  ice  which 
has  a  common  backscattcr  coefficient  of  -9  dB  [1].  Only  the 
near  range  angles  of  the  aircraft  imagery  were  used 
(angles  23  to  38  degrees)  and  a  radiometric  compensation 
was  then  applied  to  normalize  the  changes  in  backseatter 
due  to  incidence  angle. 


3.  ICE  TYPE  BACKSCATTER  VARIATION 

Preliminary  assessment  of  the  aircraft  SAR  C-band 
imagery  at  VV  polarization  indicates  that  there  is  a  mariccd 
contrast  ir.  radar  return  between  multiyear  end  first  year 
ice.  Frazil  ice  in  ice  bands  and  young  smooth  ice  can  be 
distinguished  as  well  as  wind-roughened  open  water  leads. 
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The  SAR  imagery  also  detects  ridging  in  both  first  year  and 
multiyear  ice.  The  separation  of  these  ice  types  has  been 
strongly  confirmed  from  polarimctric  analysis  and  visual 
observations  as  well  as  from  comparison  with  overlapping 
KRMS  imagery.  The  KRMS,  which  has  a  frequency  of  33.6 
GHz,  is  able  to  distinguish  multiyear  ice  from  first  year  ice 
and  open  water  but  cannot  separate  new  ice  from 
multiyear  ice  due  to  similar  brightness  temperatures  (2) 

DATA  SIMULATION  AND  ICE-CLASSIFICATION 
ALGORITHM 


angular  dependency.  Four  classes  are  clearly  separable  in 
this  figure  and  no  open  water  was  present.  The  ice  types 
are  also  identifiable  on  a  histogramfFig.  3b).  Next,  the 
backscalter  ratio  of  the  different  ice  types  was  computed 
over  eight  separate  images  and  the  results  are  shown  in 
Table  1.  The  different  classes  are  separated  by  about  4  dB. 
Although  there  were  variations  in  the  multiyear  ice 
intensity  values  from  image  to  image  as  high  as  4.5  dB,  the 
baikscattcr  ratios  between  different  ice  types  stayed  fairly 
constant  as  indicated  by  the  small  standard  deviation. 
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Figure  1.  Data  simulation  and  icc  classification  algorithm 
flow  chart  using  a  lookup  tabic  of  Arctic  winter  ice.  In 
this  study  the  lookup  tabic  was  derived  from  the  aircraft 
data  directly. 


E-ERS  1  INCIDENCE 


C-BAND  VV 


The  optimum  procedure  fer  separating  icc  types  with  SAR, 
upon  icc  type  identification  would  be  to  compare 
calibrated  backscalter  values  to  surface-based 
scattcromctcr  measurements.  At  present  the  airciaft  C- 
band  SaR  has  not  been  highly  calibrated.  A  lookup  tabic 
of  absolute  backscattcr  of  various  principle  icc  types 
obtained  with  a  C-band  surface  scailcromclcr  is  currently 
being  compiled  (R.Onsiott-pcrsonal  communication]  but 
was  not  available  in  time  to  be  utilized  in  this  preliminary 
study. 

This  study  determined  the  relative  backscattcr  power  ratios 
between  different  icc  types  from  the  aircraft  SAR  imagery 
itself  tc  serve  as  a  lookup  tabic  for  the  ciPFpif*pR*ion 
algorithm  (Fig.  1).  Multiyear  icc  was  selected  to  be  the  0  dB 
reference  for  comparison  with  the  pixel  intensity  values 
of  several  icc  types  including  the  following  verified  icc 
types,  rough  first  year  ice  (greater  than  1  m  thick), 
smooth  first  year  icc  (less  than  I  m  thick),  young  icc,  and 
open  water.  Figure  3a  illustrates  the  backscattcr  power  of 
different  icc  types  for  one  image  with  varying  incidence 
angles  from  23  to  58  degrees  after  radiometric 
compensation  was  performed  to  remove  any  backscattcr 


Figure  2.  NASA  DC-8  aircraft  SAR  imagery  from  March  11, 
1988.  Multiyear  icc  is  bright,  thick  first  year  icc  is  medium 
gray,  and  thin  or  young  first  year  ice  is  darker  gray.  The 
incidence  angle  of  the  ERS-1  SAR  is  indicated  on  the 
imagery. 


4.  ICE  CLASSIFICATION  ALGORITHM 

The  approach  for  this  classification  algorithm  is  to 
implement  an  unsupervised  ice  segmentation  routine 
which  selects  a  possible  set  of  classes  which  can  then  be 
compared  to  backscattcr  values  in  a  lookup  table  to  identify 
the  icc  types.  The  difficulty  in  long  term  calibration  in 
SAR  systems  including  ERS-I  precludes  having  a 
classification  algorithm  based  on  backscattcr  alone. 
Multiple  lookup  tables  arc  needed  to  account  for  natural 
regional  and  seasonal  variations  in  icc  conditions  and 
•  •  c. 


A. 
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Figure  3.  A).  Normali/.cd  backscatlcr  power  of  the  different 
ice  types  from  C-band  VV  aircraft  SAR  compared  to 
incidence  angle  after  ladiomctnc  compensation.  B). 
Histogram  of  aircraft  SAR  i.magc. 


A  clustering  algorithm  called  ISODATA  performs  the 
unsupervised  segmentation  (Fig.  1).  Stable  clusters  can  be 
obtained  using  a  small  fraction  (3-5%1  of  the  total  number 
of  pixels.  The  input  parameters  for  clustering  arc  simply 
the  desired  number  of  classes  and  the  expected  scpaiation 
between  classes  in  the  feature  space.  For  this  study  four 
classes  separated  by  at  least  4  dB  were  used  although  good 
results  can  also  be  obtained  with  slightly  diffcicnt  input 
narnnK'iprc  Thp  rlii^iprc  arp  ranked  acrorrlinp  to  their 
mean  and  then  compared  to  the  lookup  table.  The 
brightest  class  is  first  compared  to  the  multiyear  ice  tabic 
value  and  then  the  other  clashes  arc  compared  and  denned. 
Next  each  pixel  in  the  image  is  assigned  to  the  nearest  class 
based  on  the  mean  grey  value  computed  from  a  moving  3  x 
3  window  which  also  provides  some  contcxtural 
information.  This  operation  corresponds  to  a  minimum 
distance  classifier  (Fig.  I). 


The  clustering  algorithm  is  sensitive  to  the  quality  or 
sharpness  of  the  brightest  cluster.  Varying  the  brightest 
cluster  width  by  1  dB  decreased  the  classification  accuracy 
30  %.  A  typical  variation  of  +-  0.5  dB  results  in  an  error  of 
5-10  %  misclassificd  multiyear  ice  pixels.  This  suggests 
that  the  GRS-I  long  term  relative  calibration  should  be 
accurate  to  within  +-2.5  dB  and  short  term  relative 
calibration  to  +-C.5  dB. 


5.  RESULTS 

Two  examples  of  classified  aircraft  SAR  imagery  arc  shown 
in  Figures  4  and  5.  The  classification  error  is  estimated  to 
be  7  %  for  multiyear  ice  according  to  the  sensitivity  studies 
of  cluster  sharpness.  A  compari.son  of  the  classified  SAR 
image  with  KRMS  imagery  is  shown  in  Figure  6.  The 
comparison  of  multiyear  ice  is  qualitatively  good  for  both 
sensors.  While  not  easily  seen  in  this  figure,  the  SAR  ii 
able  to  distinguish  young  ice  from  thin  first  year  ice  and 
to  detect  ridges  more  clearly  than  the  KRMS. 


C-BAND  VV  INCIDENCE  ANGLE  23-36° 


RED  =  NEW  ICE 

DARK  BLUE  =  FIRST  YEAR  ROUGH 
LIGHT  BLUE  =  FIRST  YEAR  SMOOTH 
WHITE  =  MULTI-YEAR  ICE 


Figure  4.  Comparison  of  aircraft  imagery  from  M.uch  11, 
1988  (panels  1  and  3)  >vith  classification  results  (panels  2 
and  4). 


Further  work  on  this  algorithm  will  include  a  more 
coiiiprchcnsivc  analysis  based  on  coincident  surtacc  ice 
measurements  which  will  be  available  in  the  near  future, 
the  investigation  of  tc.durc  analysis  in  the  classification 
routine,  and  the  incorporation  of  temperature  and  wind 
speed  data  since  these  parameters  have  strong  influences 
on  ice  and  ocean  conditions.  Also  validated  lookup  tables 
based  on  scattcrometer  data  will  bo  ineludod  as  they 
become  available. 
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Table  1.  Normalized  backscatter  power  ratio  of  the 
different  ice  types  using  C-band  VV  data  at  25  degree 
incidence  angle. 
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Figure  S.  Comparison  of  airciaft  imagery  from  March  11, 
1988  (panels  1  and  3)  with  classification  results  (panels  2 
and  4). 
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ABSTRACT 

The  purpose  of  this  study  is  to  develope  a  system  for 
automatic  classification  of  sea  ice  from  SAR  images. 
A  number  of  speckle  reduction  filters  have  been 
tested.  Speckle  reduction  impi-ovos  the  classification 
significantly.  The  adaptive  filters  the  Lee  filter  and 
the  Sigma  filter  give  the  best  images  for  classifi¬ 
cation.  They  also  preserve  details  in  the  images  well. 
When  combining  backscatter  with  texture  (particularly 
local  variance) ,  small  improvements  in  the  classifi¬ 
cation  results  are  shown.  By  using  supervised  classi¬ 
fication,  we  were  able  to  discriminate  between  three 
ice  categories  and  open  water  (possibly  mixed  with 
some  thin,  new  ice),  with  a  performance  of  92  - 

KEY  WORDS:  SAR,  .Sea  ice.  Speckle.  Classification. 


1.  Introduction 

Interpretation  of  sea  ice  in  the  Arctic  regions  will 
be  an  important  application  of  the  SAR  data  produced 
by  the  ERS-1  remote  sensing  satellite.  Real  time  pro¬ 
duction  of  reliable  sea  ice  data  will  become  crucial 
for  future  Arctic  activities.  This  study  aims  at  pro¬ 
viding  fast  and  reliable  systems  for  interpretation  of 
SAR  images  of  sea  ice.  The  study  is  supported  by  the 
Royal  Norwegian  Council  for  Industrial  Research(NTNF) . 

Similar  studios  are  reported  in  a  number  of  publica¬ 
tions.  See  for  instance  (iiolmes,  1984)  and  (Skriver, 

1986). 

This  study  is  based  on  the  in  situ  data  recorded 
during  the  .MIZEX  87  experiment.  The  in  situ  data  are 
described  in  Section  2. 

The  first  results  from  classification  of  the  SAR 
Images  gave  poor  results,  mostly  due  to  the  speckle 
noise  in  the  images.  A  number  of  methods  for  speckle 
reduction  was  therefore  implemented.  The  results  of 
these  tests  are  described  in  Section  3. 

In  order  to  improve  the  classification  results  furt¬ 
her.  local  texture  in  the  SAR  images  was  computed.  The 
results  from  these  tests  are  described  in  Section  4. 

In  Section  5  is  decribed  classification  of  the  images 
using  maximum  likelihood  classification.  First,  class¬ 
ification  into  the  seven  ice  types  defined  from  the  in 
situ  data  was  tried.  The  experiments  proved  that  a  re¬ 
duction  into  four  categories  was  optimal. 


2.  In  Situ  Data 

A  number  of  experiments  have  been  performed  in  order 
to  study  the  behavior  of  SAR  images.  Some  studies  are 
based  on  SEASAT  or  SIR-A  or  SIR-B  satellite  data. 
Other  studies  are  based  on  airborn  sensors.  An  impor¬ 
tant  aspect  of  the  experiments  is  to  provide  reliable 
surface  truth  of  the  areas  covered  by  the  satellites. 
The  in  situ  data  may  be  used  for  calibration  of  the 
planned  methods  for  automatic  interpretation  of  the 
data  achieved  from  the  SAR  sensors. 

The  data  used  in  this  study  was  acquired  during  the 
MIZEX  87  experiment  that  took  place  in  April  198?  in 
the  Fram  Strait,  see  ( Johannessen.  1988)  and 
(Shuchman,  I988) . 

22  SAR  data  collection  missions  were  flown  dally, 
using  the  Intera  STAR  systems.  The  SAR  data  recorded 
are  7-look  X-band,  HH-polarixed,  and  the  resolution  is 
15  X  15  m.  This  study  is  based  upon  a  scene  consisting 
of  3000  X  2000  pixels. 

During  the  experiment,  the  surface  truth  was  recorded 
by  a  research  vessel  and  helicopters.  32  areas  within 
the  image  were  categorized  into  the  following  seven 
categories  (after  Shuchman,  1988): 

A.  50  -  S0%  Multiyear  Ice  in  Consolidated  First-Year 
Ice  Framework  (I-3  cm  snow). 

B.  30  -  ho%  Multiyear  Ice  with  Rubble  in  Loose  First 
Year  Ice  Framework  (some  open  water). 

C.  First-Year  Ice  with  Rubble  (.60-1.5  m  thick). 

D.  First-Year  Ice  (20-40  cm  thick). 

E.  New  Ice  (5-8  cm  thick). 

F.  Open  Water. 

G.  Open  Water  with  Grease  Ice  Streamers. 

The  classification  tests  in  this  study  are  based  on 
the  in  situ  data  from  these  (rather  small)  areas. 


3.  Speckle  reduction 

Speckle  noise  is  disturbing  for  the  interpretation  of 
SAR  images.  Much  emphasis  has  therefore  been  put  in 
reduction  of  the  speckle,  see  for  instance  (Skriver, 
1986) ,  while  maintaining  as  much  as  possible  of  the 
information  in  the  image,  such  as  texture  and  edges. 
Most  important  in  our  choice  of  filters  is  to  find 
those  which  give  the  best  images  for  classification. 

We  have  in  our  study  applied  a  number  of  methods  for 
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noise  reduction.  These  include  traditional  image  pro¬ 
cessing  methods  as  average  and  median  calculations,  as 
well  as  lowpass  filters.  Because  the  speckle  noise  is 
data  dependent,  filters  that  can  adapt  to  the  image  is 
likely  to  give  the  best  results.  Various  adaptive 
filters  have  been  implemented  and  tested  on  the  SAR 
Imagery.  These  include  the  filters  called  "Lee"  (Lee, 
1980),  "Frost"  (Frost,  1982),  "Sigma"  (Lee.  1983)  , 
"Symmetric  nearest  neighbour"  (Harwood,  1989)  and 
"Maximum  Homogenity"  (Nagao,  1978)  filteis.  Among 
these  adaptive  filters,  we  found  that  the  Lee  and  the 
Sigma  filters  gave  the  best  results,  and  they  were 
used  for  further  tests. 

For  comparison,  five  filters,  which  have  approximately 
equal  smoothing  capabilities,  were  applied  to  the  same 
image,  shown  in  fig.  1.  (They  give  approximately  the 
same  results  when  applied  to  an  image  without  any 
other  variations  than  the  speckle  noise.)  The  five 
filters  which  have  been  tested  are:  Average  (with  a 
Gaussian  shaped  kernel  of  9:^9  pixels).  Median  with 
kernel  7x7.  a  lowpass  filter,  the  Sigma  filter  kernel 
5x5  (used  twice),  and  the  Lee  filter  with  kernel  7x7. 

In  table  2  in  Section  5.  some  classification  results 
are  summarized.  We  see  that  speckle-reduced  SAR  images 
give  much  better  classification  results  than  unfil¬ 
tered  Images.  Up  to  a  certain  limit,  we  have  found 
that  the  better  the  images  are  smoothed,  the  better 
are  the  classification  results.  Our  experience  is  that 
filter  kernels  of  7x7  or  9x9  pixels  do  well. 

To  compare  the  filters'  ability  to  preserve  struc¬ 
tures,  the  backscatter  values  along  a  fixed  line 
(shown  on  original)  were  plotted  as  "profiles"  for  the 
same  images,  see  fig.  1. 

From  fig.  1,  we  can  see  that  the  adaptive  filters  blur 

the  images  less  than  the  non  adaptive  filters.  The 
median-filter  also  preserve  much  of  the  structures 
well,  but  the  highest  peak  has  almost  disappeared. 

From  these  studies  and  the  classification  results 
shown  in  section  5,  we  conclude  that  the  most  success¬ 
ful  filters  are  the  two  adaptive  filters  Lee  and 
Sigma. 


9 .  Texture 

One  may  expect  that  the  classification  will  be  im¬ 
proved  by  including  textural  information  in  discrimi¬ 
nating  between  the  classes  in  SAR  images.  See  for 
instance  (Holmes.  1989),  (Skriver.  1986) .  In  our 
study,  we  have  applied  different  textural  measures, 
including:  variance  and  standard  deviation,  power-to- 
mean,  local  energy  and  local  frequency  distribution. 

Some  results  of  the  classification  are  shown  in  table 
2.  Only  marginal  improvements  were  obtained  by  adding 
texture:  combined  with  the  average,  lowpass  or  Lee 
filters,  the  error  rates  were  reduced,  but  combined 
with  the  median  or  the  Sigma  filters,  no  improvement 
was  obtained  at  all.  Variance,  standard  deviation  and 
power-to-mean  give  the  best  results.  Note,  however, 
that  tn  our  experiment  the  riessiflcatiC’.e  rccultc 
were  already  very  good  when  using  backscatter  only. 

We  also  found  that  texture  alone  is  not  sufficient  for 
discriminating  between  these  ice  categories.  For  dis¬ 
crimination  between  only  ice  and  open  water,  however, 
variance  or  standard  deviation  succeed  with  more  than 
95/(  correct  classification. 


5.  Data  Analysis  and  Classification 

The  main  purpose  of  this  study  is  to  determine  how 
well  the  7  data  classes  desribed  above  classes  can  be 
separated,  or  which  classes  can  be  separated.  We  did 
this  by  first  studying  the  data  by  histograms  and 
statistical  measures,  and  then  classifying  the  data 
using  maximum  likelihood  classification. 

The  backscatter  values  and  the  textural  measures  were 
calculated  for  the  test  areas  described  above,  where 
the  ice  types  are  known.  Histograms  for  each  of  the 
classes  were  computed.  Fig  2  shows  the  histograms  for 
the  7  ice  categories  for  unfiltered  and  filtered 
Images . 

The  relationships  between  the  classes  were  studied  by 
computing  the  Mahalanobis  distances,  which  are  statis¬ 
tical  measures  describing  the  distances  between  the 
classes.  Table  1  shows  the  Mahalanobis  distances 
between  the  ice  categories.  Fig.  3  shows  the  distribu¬ 
tion  of  the  categories  when  backscatter  and  texture 
are  combined. 


Table  1.  Mahalanobis  distances  between  7  sea  ice  and 
water  categories.  Backscatter  (Lee- filtered)  combined 
with  texture  (Variance).  As  a  rule,  we  can  state  that 
when  the  distance  between  two  classes  is  greater  than 
4.0,  the  classes  may  be  well  separated,  when  it  is 
less  than  4,  confusion  between  the  classes  is  more 
likely  to  occur. 

These  studies  indicate  that  we  cannot  distinguish 
between  all  the  7  classes.  We  wanted  therefore  to 
categorize  the  ice  into  fewer  categories.  From  the 
data  analysis  we  found  that: 

-  Type  A  may  be  kept  as  a  separate  ice  category. 

-  Type  C  can  be  described  as  a  mixture  between  the 
two  classes  B  and  D,  and  the  two  mixed  ice  cate¬ 
gories  B+Cl  and  C2+D  may  be  distinguished  as  two 
separate  ice  categories. 

-  Types  E,  F  and  G  can  hardly  be  separated  from  each 
other,  but  are  well  srpaiatei  from  the  other 
classes. 

Discrimination  between  thise  9  classes  seems  therefore 
to  be  achievable:  A,,  B+Cl  C2+D  and  E+F+G. 

The  images  were  classified  by  using  supervised 
classification.  In  order  to  get  realistic  estimated  of 
the  classification  results,  the  in  situ  uate  set  was 
divided  into  two  disjoint  groups.  Tho  first  data  set 
was  used  as  a  training  set  when  calculating  the  proba- 
bilit.v  density  functions  used  in  the  clnssiflcntinn 
When  classifying,  confusion  matrices  and  performance 
statistics  was  calculated  for  the  second  data  set.  The 
results  show  an  overall  performance  of  maximum  60  - 
70?:  when  using  all  the  7  classes.  Multiyear  Ice  in 
Conaolidated  First-Year  Ice  Framework  (ice  category  A) 
can  be  fairly  well  discriminated  from  the  others 
(about  90;:) ,  but  the  other  classes  are  too  Intermixed 
with  each  other. 
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When  rearranging  the  class  definitions  into  the  four 
classes  described  above,  we  obtained  the  classifica¬ 
tion  rates  described  in  table  2. 


Filter 

Grig 

Aver 

Medl 

Low 

Sig 

Lee 

inal 

age 

an 

pass 

ma 

Backscatter  only 

74 

95 

97 

95 

98 

96 

With  texture 

78 

98 

97 

98 

98 

98 

Table  2.  Percent  correctly  classified  pixels  for 
unfiltered  and  filtered  images. 

Fig.  4  shows  results  from  classifying  a  SAR  image  into 
4  classes. 

When  instead  using  data  set  2  for  training  and  testing 
on  data  set  1,  we  obtained  similar  results,  but  the 
performance  was  reduced  to  92  -  94  ?!.  There,  texture 
only  Improves  the  results  by  1  -  2 

The  results  of  these  tests  show  that  when  reliable  in 
situ  data  are  available,  one  is  able  to  classify  into 
four  sea  ice  and  water  categories  with  more  than  90% 
significance. 

When  limiting  ourselves  to  only  two  classes:  (1)  Sea 
Ice  and  (2)  Open  water  and  new  ice,  the  classification 
results  were  almost  lOOJi  correct. 


6.  Future  plans. 

The  objective  of  this  project  is  to  make  a  system  that 
can  produce  the  results  in  real  time.  Filter  proces¬ 
sing  and  texture  analysis  are  CPU-consuming  tasks.  We 
have  therefore  applied  an  image  processing  system  with 
a  fast  filter  processor  for  the  computations  (GOP- 
300) .  Typical  processing  times  for  a  512x512  image  are 
1  -  2  minutes  for  filtering  and  texture  analysis,  and 
similar  performance  for  classification.  The  plans  are 
to  integrate  the  filtering  and  the  classification  into 
one  process. 

The  other  plans  for  the  project  is  to  combine  the 
supervised  classification  with  unsupervised  classifi¬ 
cation,  in  order  to  classify  sea  ice  in  the  more 
realistic  situation,  were  no,  or  very  limited  in  situ 
data  are  available. 
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7.  Conclusion 

We  have  shown  that  speckle  reduction  is  necessary  for 
classification  of  SAR  images  of  sea  ice.  The  adaptive 
filters  Lee  filter  and  Sigma  filter  give  the  best 
results,  and  they  also  preserve  details  in  the  images 
well. 

When  combining  backscatter  with  texture  (particularly 
variance),  small  improvements  in  the  classification 
results  are  shown. 

By  using  supervised  classification,  we  were  able  to 
discriminate  between  three  ice  categories  and  open 
water,  with  a  performance  of  92  -  9B%.  We  were  able  to 
discriminate  between  ice  and  open  water  (possibly 
intermixed  with  new,  thin  ice)  with  almost  i00%  accu¬ 
racy.  These  results  are  based  upon  reliable  in  situ 
data,  but  the  test  areas  are  rather  small. 
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Abstract 

In  this  paper  we  report  on  discrimination  of  sea  ice  classes  using 
texture  statistics  derived  from  Grey  Level  Co-occurrence  Matrices 
(GLCM).  Simple  Discriminant  Analysis  and  Multivariate 
Discriminant  Analysis  are  used  to  interpret  the  relationship 
between  5  texture  measures,  GLCM  inter-pixel  sample  distances 
(5)  and  orientation  (o)  on  discrimination  of  4  ice  classes.  Results 
show  that  discrimination  is  maximized  when  measures  at  different 
a  and  S  are  used.  Discritninability  is  affected  by  adaptive  filtering 
and  resampling  to  a  coarser  pixel  scale. 

Keywords:  Discriminant  analysis.  Texture  statistics.  Synthetic 
Aperture  Radar,  Sea  ice. 


1.  Introduction 

Quantitative  description  of  radar  backscatter  is  central  to 
feature  discrimination  in  radar  remote  sensing  applications 
research.  This  project  is  directed  towards  description  of fimaionat 
ice  classes,  derived  from  Grey  Level  Co-occurrence  Matrix 
(GLCM)  probability  distributions  or  more  specifically,  firom 
texture  statistics  derived  from  these  matrices.  The  GLCMs  used 
consist  of  the  frequency  of  Joint  occurrences  of  quantized  grey 
levels  (4  bit),  at  intersample  spacing  distances  (5=1,3,S  )  and 
orientations  (a=()O,45O,90®).  Five  texture  measures,  commonly 
found  in  the  literature,  are  used  in  this  investigation  [2]]  TO  [6] 
(Haralick,  1986).  Our  Intention  is  to  determine  the  utility  of  these 
texture  measures  for  discriminating  ice  classes.  Four  objectives 
are  addressed: 

•  What  is  the  relative  coritribution  of  each  texture  measure  to 
discrimination  of  ice  classes? 

•  What  affect  does  the  intersample  spacing  variable  9  and 
orientation  variable  a  have  on  discrimination  of  ice  types. 

•  Can  discriminant  analysis  be  used  to  indicate  the  minimum 
number  of  texture  measures  required  to  achieve  i)  a 
reasonably  precise  discrimination  ii)  complete 
discrimination. 

•  What  affect  does  filtering,  and  resampling  to  102m  pixel 
size,  have  on  discrimination  of  ice  classes. 


2.  Methods 

A  STAR-1  SAR  image  (Mould  Bay,  East-West  pass.  May 
13, 1984)  from  the  Canadian  Radar  Age/Type  Algorithm  &oup 
(CRAGTAG)  standardized  image  dataset,  was  used  to  aeate  3 
images:  original  6m  (7  look),  6m  adaptively  filtered  (6m/),  and 


102m  resampled  image  (CRAGTAG  Tape  #RD2826),.  The  6m/ 
image  was  produced  using  an  adaptive  filter  [1]  described  in 
Durand  et  al.  (1987)  where  the  subscript  'nk'  is  a  3  by  3  window 
and  'horn'  is  a  homogeneous  texture  class. 

Xy  =  X^  +  (X..-X^).(s^,-s^„X 

All  ice  classes  were  selected  using  a  20  by  20  pixel  grid, 
overlain  on  a  hardcopy  image.  Ground  confirmation  was  supplied 
by  the  Atmospheric  Environment  Service  Ice  Branch,  as  part  of 
the  standard  CRAGTAG  dataset.  Random  coordinates  were 
selected  using  a  Macintosh  II  pseudo  random  number  generator. 
A  subarea  was  accepted  if  it  represented  a  homogeneous  sample  of 
an  ice  type  of  interest.  This  process  was  repeated  until  5 
homogeneous  replicates  of  4  ice  types  (New  Ice  (NWI),  First- 
Year  Ice  (FYI),  Multi-Year  Ice  (MYI)  and  Land  {LAND])  were 
obtained.  The  class.  New  Ice,  did  not  constitute  a  sufficient 
number  of  pbcels  to  select  S  independent  samples  at  the  102m  pixel 
size.  Only  FYI,  MYI  and  LAND  are  used  in  the  discriminant 
analysis  of  102  m  data. 

The  Grey  Level  Co-occurrence  Matrices  and  the  texture 
statistics  derived  from  these  matrices  were  programmed  on  a 
Macintosh  II  microcomputer,  based  on  algorithms  described  in 
Haralick  (1986)  and  Shanmugan  etal.  (1981). 
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Where:  Qj  is  the  matrix  cell  frequencies  normalized  by  the 

number  of  pixel  pairs  Py. 
n  is  the  number  of  pixel  pairs  in  the  image  at  (a, 8). 

Ox  is  the  sample  standard  deviation  of  row  i. 
oy  is  the  sample  standard  deviation  of  column  j. 

Px  is  the  sample  mean  of  row  i. 

Py  is  the  sample  mean  of  column  j. 

To  asses  the  utility  of  texture  statistics  for  discrimination  of 
ice  classes  in  SAR  imagery  two  forms  of  linear  discriminant 
analysis  were  conducted. 

1)  Simple  Discriminant  Analysis  (SDA)  consists  of  a  pairwise 
linear  combination  of  variables  to  maximize.  «eparation  of  2 
groups.  The  SDA  was  programmed  on  a  Macintosh  II 
microcomputer,  based  on  algorithms  described  in  Ludwig  et 
al.  (1988).  Output  from  SDA  provides  a  pair  of  discriminant 
coefficients,  the  relative  percent  contribution  of  each  variable 
to  discrimination,  and  a  Mahalanobis  multivariate  distance 
measure  (D^);  which  is  the  metric  used  for  class  assignment. 
All  pairwise  combinations  of  variables  (5  texture  statistics  at 
0=00  and  8=1)  and  classes  (4  ice  types)  were  tested  using 
SDA. 

2)  Multiple  Discriminant  Analysis  (MDA)  is  a  statistical  technique 
which  can  be  used  to  define  spatial  patterns  and  to  assist  in 
meaningful  interpretation  of  these  patterns  (Williams,  1983). 
We  used  MDA  as  a  means  of  determining  which  set  of  p 
variables  maximize  discrimination  of  k  ice  classes. 
Identification  of  classes  is  done  a  priori,  either  through 
functional  description  of  classes  (as  we  have  done),  or  through 
some  form  of  ordination.  The  number  of  discriminant 
functions  that  result  is  the  smaller  of  *-1  orp  .  MDA  finds  a 
set  of  linear  transformations  which  maximize  the  inter-  to  intra¬ 
class  variation  over  k.  This  is  equivalent  to  maximizing  the  F 
ratio  of  a  one  way  analysis  of  variance  (Manly,  1986).  The 
first  function  (Zi)  maximizes  the  inter-  versus  intra-class 
variation,  over  the  entire  data  matrix.  The  second  function 
(Z2)  maximizes  the  F  ratio,  with  the  important  limitation  that 
Z2  is  orthogonal  to  Zi,  and  so  on  (Manly,  1986). 

Two  approaches  to  discriminant  analysis  are  available  for 
interpretation  of  feature  discrimination:  predictive  and  descriptive 
(Johnston,  1980).  In  this  analysis,  descriptive  MDA  is  used  to 
gain  an  understanding  of  the  complex  relationships  between 
groups  of  texture  statistics  and  ice  class  discrimination.  By 
transforming  the  original  texture  variables  through  each 
discriminant  function,  we  can  display  lelationships  between  the  ice 
classes  in  discriminant  space  (Fig.  2).'  Interpretation  of  these  plots 
provides  information  on  the  direction  and  magnitude  of  class 
separation  as  a  function  of  the  input  variables.  Other,  more 
objective,  measures  used  in  interpretation  of  MDA  include  Chi- 
Square  statistics  for  the  eigenvalues  associated  with  each 
discriminant  function,  and  an  overall  appropriateness  test  for  a 
specific  set  of  variables  (Wilkes  Lambda).  Mathematical 
calculation  of  these  statistics  and  a  description  of  hypothesis 
conditions  is  provided  in  Manly  (1986). 

Assumptions  of  these  parametric  analysis  procedures  are 
that  the  variance-covariance  matrices  are  samples  of  the  same 
population  matrix,  and  that  within  each  class  the  variables  follow  a 
multivariate  normal  distribution  (Manly,  1986).  Because  of 
correlations  within  each  statistic  over  the  3  levels  of  o  and  6,  and 
similarities  in  calculation  f  the  statistics  (eg.  Dissimilarity  [5]  and 
Contrast  [6]),  we  expect  a  high  degree  of  multicolinearity.  To 
oecrease  this  problem  a  square  root  iraiisfomiauon  was  applied  to 
the  data  matrix.  Althougl  discriminate  analysis  is  considered 
invariant  to  scale  (Manly,  1986)  a  row  column  centering  operation 
appeared  to  improve  discrimination.  The  technique  of  centering 
data  matrices,  in  discriminant  analysis,  is  described  in  Legendre 
and  Legendre  (1983). 

Multiple  Discriminant  Analysis  (MDA)  was  conducted  on 
7  data  sets  (Set  #);  (Vats)  is  the  number  of  texture  statistics  used  in 


each  trial;  (a)  and  (8)  are  orientation  and  interpixel  sampling 
distances  used  to  generate  the  GLCM;  (Trials)  is  the  number  of 
sets  of  variables  (ie;  Set  #1=3  trials  of  5  vars.);  (Selection)  is 
either  fixed  (all  possible)  or  random  (Table  1).  Set  #  is  referenced 
in  the  results. 


Table  1.  Parameters  contained  in  each  MDA  dataset. 


Set# 

Vars 

a 

8 

nraiir 

Selection 

1 

5 

Oo 

1,3,5 

3 

fixed 

2 

5 

00,450,900 

1 

3 

fixed 

3 

3 

Oo 

1.3,5 

15 

random 

4 

5 

Oo 

1,3,5 

20 

random 

5 

10 

Oo 

1,3,5 

3 

fixed 

6 

10 

Oo 

1,3,5 

20 

random 

7 

10 

00,450,900 

1 

3 

fixed 

3.  Results  and  Discussion 

First-order  image  statistics  for  each  subarea  are  presented 
to  provide  the  reader  with  an  indication  of  inter-  to  intra-class 
variability  over  the  ice  classes  tested.  Note  that  mean  and  .standard 
deviation  (SD)  are  the  average  of  5  replicates.  The  SD  decreases 
from  the  original  6m  data  to  filtered  6m  and  resampled  102m  data. 
The  substantial  drop  in  SD  for  102m  data  is  a  function  of 
resampling,  and  contributes  to  difficulties  in  discriminating  ice 
classes  using  texture  statistics. 


Table  2.  First  order  image  statistics  for  each  texture  field. 


Class 

6m  data 

Mean  SD 

6m  filtered 
Mean  SD 

Mean  SD 

FYI 

27.35 

8.37 

27.26 

6.31 

27.04 

3.75 

LAND 

54.93 

20.45 

55.62 

18.46 

47.57 

6.80 

MYI 

44.32 

15.54 

44.63 

13.52 

43.00 

5.18 

NWl 

19.34 

5.33 

19.37 

3.59 

Simple  Discriminant  Analysis  (SDA) 

To  assess  discriminability  of  ice  classes,  using  the  S 
texture  statistics,  a  Simple  Discriminant  Analysis  (SDA)  was 
conducted.  The  Mahalanobis  distance  measure  provides  an  index 
of  class  separability,  relative  to  pairs  of  texture  statistics  at  a=0o 
and  8=1.  The  results  are  summarized  by  the  magnitude  of  D^ 
(larger  D^  =  more  separation),  and  by  whether  the  separation  of 
group  cenuoids  is  significant.  Differences  due  to  filtering  (6m/) 
and  resampling  (102m)  are  evident  by  comparing  the  D^  statistics 
(Table  3).  Comparison  of  D^  distances  should  be  considered  an 
index  of  relative  difference.  With  such  low  degrees  of  freedom, 
the  statistic  may  not  be  stable  (Manly,  1986). 

Discrimination  of  Multi-Year  Ice  and  Land  was  the  most 
difficult  (Table  3).  In  6m  data  these  ice  types  can  only  be 
differentiated  using  a  single  pair  of  texture  statistics;  Entropy  and 
Dissimilarity  (6.45  in  Table  3).  The  next  nearest  value, 
Uniformity-Dissimilarity  (2.83),  illustrates  how  different  this  pair 
of  measures  is  from  the  rest.  All  other  classes  are  easily 
discriminated  in  the  6m  data.  After  filtering  (6m/),  4  pairs  of 
variables  could  discriminate  between  the  difficult  classes;  MYI  vs 
LAND.  Again,  Entropy-Dissimilarity  provides  the  best 
discrimination.  Entropy-Contrast  provides  a  strong  second  with 
the  pairs  Uniformity  -Dissimilarity  and  Unifonnity-Contrast  also 
provrdmg  significant  discnmination.  As  a  general  result,  filtered 
data  provide  the  most  powerful  discrimination,  followed  by 
original  6m  data,  then  the  resamj'led  imagery.  Note  that  no  pair  of 
texture  measures  were  able  to  discriminate  MYI-LAND  in  the 
102m  image.  This  is  most  likely  due  to  a  reduction  in  the  contrast 
between  texture  classes  in  the  102m  image.  Removing  the 
comjmnent  of  variation  due  to  fading  in  the  6m/  imagery, 
contributes  to  improved  discrimination. 
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Tabic  3.  Summary  of  Simple  Discriminanl  Analysis  (SDA)  conducted  on  all 
pairoisc  comparisons  of  5  texture  measures  on  4  ice  classM.  Mahalanobis 
multivariate  distances  arc  presented.  F  statistic  significance  is  based  on 
calculauon  in  Ludwig  (1988). 


Ice  Class 

ImaRc 

Unif-Corr 

Umf-Enl  Umf-Diss  Umf-Cont 

Corr-Ent 

6m 

1.06* 

0.89* 

2.83* 

1.37* 

1.03* 

MYI  vs  LAND 

6m/ 

1.52* 

1.58* 

5,2Q 

4.88 

1.31* 

I02m 

0.69* 

1.00* 

0.41* 

0.42* 

0.35* 

6m 

11.33 

11.90 

13.47 

11.33 

12.89 

MYI  vs  FYI 

6m/ 

10.70 

11.91 

12.68 

10.66 

21.76 

I02m 

20.63 

2.59* 

9.30 

8.71 

20.61 

6m 

14.25 

13.30 

13.31 

13.51 

16.12 

LAND  vs  FYI 

6m/ 

23.11 

20.11 

20.22 

21.13 

32.64 

I02m 

64.91 

10.21 

9.12 

11.04 

64.70 

6m 

18.02 

33.73 

25.09 

17.47 

30.59 

MYI  vs  NWI 

6m/ 

26.89 

28.16 

31.55 

2662 

29.61 

I02m 

6ni 

15.68 

24.79 

19.66 

18.25 

34.58 

LAND  vs  NWI 

6m/ 

30.57 

33.67 

32.64 

31.42 

43.46 

I02m 

6m 

10.02 

8.31 

11.23 

10.50 

8.73 

FYI  vs  NWI 

6m/ 

19.78 

14.54 

29.99 

38.46 

16.30 

102m 

Icc  Class 

SDA 

Corr-Diss  Corr-Coni 

Ent-Diss  EnKonl 

Diss  Cent 

6ni 

1.17* 

1.08* 

6.45 

2.84* 

0.81* 

MYI  vs  LAND 

6m/ 

1.22* 

1.24* 

19.92 

11.68 

0.45* 

I02m 

0.57* 

0.40* 

0.84* 

0.29* 

1.72* 

6m 

25.25 

5.26 

12.63 

12.78 

38.16 

MYI  vs  FYI 

6m/ 

29.28 

4.68 

11.41 

17.00 

53.94 

102m 

22.24 

21.91 

9.40 

9.56 

5.99 

6m 

12.17 

10.05 

11.75 

13.89 

14.85 

LAND  vs  FYI 

6m/ 

16.08 

10.31 

22.72 

34.63 

29.92 

102m 

71.18 

70.96 

4.63 

6.05 

7.14 

6m 

29.65 

10.64 

30.19 

31.78 

33.83 

MYI  vs  NWI 

6m/ 

50.81 

9.81 

27.42 

30.68 

69.59 

I02m 

6m 

25.00 

17.79 

35.54 

32.37 

24.44 

LAND  vs  NWI 

6m/ 

35.42 

18.21 

36.49 

40.78 

53.15 

102m 

6m 

11.01 

10.54 

10.26 

12.36 

10.53 

FYI  vs  NWI 

6m/ 

27.01 

26.92 

24.82 

34.22 

26.13 

102m 

'Denotes  F  statistics  which  arc  not  significant  at  F  0  10;  (2,  NI+N2-3)  df. 
_ IXmotcs  a  flag  for  references  in  the  text 


Multiple  Discriminant  Analysis  (MDA). 

Results  of  SDA  are  useful  in  identifying  MVI-LAND  as 
the  pair  of  ice  classes  most  difficult  to  differentiate.  We  used 
MDA  to  conduct  exploratory  data  analysis  on  the  location  and 
separation  of  ice  classes  in  discriminant  space  to  try  and  determine 
the  minimum  number  of  variables  needed  to  achieve  i)  minimal 
error,  and  ii)  no  errors  in  discriminadon. 

MDA  was  applied  to  discrimination  of  4  ice  types;  Multi- 
Year  Ice,  First-Year  Ice,  New  Ice  and  Land,  using  6m  data.  To 
identify  differences  that  might  exist  in  discrimination  due  to  a  and 
5  a  set  of  MDA  (Table  1)  were  run  on  all  five  texture  statistics 
from  Set  1  (Fig.  la-c)  and  Set  2  (Fig.  Ij.f).  The  discrimination 
tables  (Fig.  la-f)  show  the  observed  versus  predicted  group 
discrimination  based  on  a  multivariate  D^  distance  metric.  An 
intersample  pixel  spacing  of  5=1  provides  the  least  discrimination 
error  (7  percent).  At  5=3  and  5,  errors  occuned  between  classes 
01  similar  texture  (LAND  vs  MYi  and  FYi  vs  NWi).  it  is 
interesting  to  note  the  error  in  discrimination  that  occurs  at  a=90O. 
One  observation  of  MYI  was  misclassified  as  FYI,  even  though 
the  first-order  statistics  for  these  two  classes  are  considerably 
different  (Table  2).  Discriminant  plots  of  this  analysis  show  that 
the  misclassification  v'as  both  a  function  of  increased  dispersion 
of  the  FYI  class  and  a  slight  increase  in  overlap  between  the 


clusters  of  points  for  MYI  and  FYI,  compared  with  0°  and  45° 
orientations. 

When  sets  of  three  variables  were  lundomly  selected  from 
the  15  available  (Set  3,  Table  1),  errors  in  discrimination  ranged 
from  IS  to  40  percent.  We  found  the  minimum  number  of 
variables  needed  to  obtain  only  a  single  error  in  discrimination  was 
5.  Using  each  of  the  5  textu~e  measures  at  5=1  and  a=0P  resulted 
in  a  single  error  between  NWI  and  FYI  (Fig.  1).  When  Set  4  was 
submitted  to  a  MDA,  four  other  combinations  of  texture  measures 
showed  the  same  error  rate.  Uniformity  at  5=1  and  5=5  with 
Lfl-  ropy  at  5=1  and  5=5  and  one  of  either  correlation  or  contrast  at 
either  5=1  or  5=5,  results  in  a  single  error  in  discrimination 
Ir'.ween  LAND  and  MYI.  The  other  16  sets  of  variables  (Set  4) 
resulted  in  errors  from  13  to  27  percent.  Apparently,  Uniformity 
and  Entropy  have  a  significant  impact  on  discrimination  of  the  ice 
classes  tested.  Perhaps  more  importantly,  the  combination  of  5=1 
and  5=5  for  these  measures,  is  important  in  discrimination. 

Similar  exploratory  analysis  was  conducted  to  determine 
the  minimum  number  of  variables  needed  to  obtain  complete 
separation  of  ice  classes.  From  Set  5  only  1  combination  of 
variables  provided  error  free  discrimination;  each  of  the  5  texture 
statistics  at  5=1  and  5=5.  The  other  combinations  of  5  (1-3  and  3- 
5)  did  not  provide  error  free  discrimination.  To  determine  the 
uniqueness  of  this  result  20  other  combinations  of  10  variables 
(Set  6)  were  randomly  selected  and  submitted  to  a  MDA.  Error  of 
discrimination  in  these  trials  ranged  from  10  to  25  percent. 
Although  using  10  texture  measures  is  far  from  operationally 
viable  for  SAR  sea  ice  discrimination,  this  result  provides  another 
example  of  how  contrasts  in  the  parameter  5  appear  to  be  useful  in 
discrimination  of  ice  classes. 

Interpretation  of  MDA  for  the  effect  of  orientadon  (Set  7) 
shows  the  combinadon  a=(fi  and  90°  provides  full  discriminadon 
(Fig.  2a).  The  other  two  combinations  o=45o  and  90°  (Fig.  2b) 
and  0=0°  and  45°  (Fig.  2c)  provide  full  discrimination  and  1 
error,  respectively.  The  Chi-Square  statistics  measure  the 
significance  of  each  discriminant  funedon  (cumuladve  measures  in 
Table  4)  to  separadon  of  ice  classes.  Although  450-90®  is  error 
free,  the  discrimination  is  not  as  powerful  as  00-90®  (Table  4). 
Figure  2a-c  is  very  similar  to  discriminant  plots  of  Set  5.  At  high 
contrast  (either  5  at  1  and  5,  or  a  at  0®  and  90®),  a  more  powerful 
discrimination  is  observed.  Decrease  in  the  Chi-Square  statistic 
over  these  levels  of  contrast  are  consistent  when  both  a  and  5  are 
considered  (Table  4).  Note  that  orientation  appears  to  provide 
stronger  discrimination  than  the  equivalent  variables,  which 
contrast  interpixel  spacing  (Table  4). 


Table  4.  Relationship  between  contrast  in  orientadon  and 
interpixel  sampling  distance  for  all  5  texture  measures.  Chi-square 
stadsdc  calculation  is  from  Manly  (1986). 


Chi-Souare 


0-90 

45-90 

6-45 

1&5 

3&5 

1&3 

1  through  3 

73.2 

68.9 

53.6 

89.2 

83.8 

63.9 

2  through  3 

37.8 

40.2 

26.0 

35.1 

37.4 

33.8 

3  through  3 

11.6 

17.6 

10.2 

10.8 

12.3 

11.3 
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-  .gu'e  2  Plot  of  tne  two  significant  discriminant  functions 
for  10  texture  statistics 
t3'0-90  deg ,  d-45-90  deg  and  c=0-45  deg  ) 


Ejfect  of  filtering  and  resampling  on  discrimination 

Theoretically,  adaptive  filtering  will  remove  a  component 
of  the  variation  attributable  to  fading,  leaving  a  texture  random 
variable  which  is  more  representative  of  the  natural  variation  of  ice 
type  backscatter  (Ulaby,  et  al.  1986).  Simple  Discriminant 
Analysis  showed  that,  in  general,  filtering  improved 
discrimination.  In  this  section  we  wish  to  determine  if  filtering  or 
resampling  changes  the  discriminatory  power  of  the  sets  of 
variables  tested  on  the  6m  data  (Table  1).  The  Chi-Square 
statistic,  associated  with  the  discriminatoiy  power  of  Z]  to  Z3  is 
compared  between  the  three  image  types.  Although  the  sample 
sizes  are  much  too  small  for  definitive  statements,  the  data  does 
indicate  a  similar  relationship  determined  with  SDA. 

When  all  5  variables  were  used  at  one  of  the  intersample 
spacings  (8=1,  3,  and  5)  the  results  show  that  filtered  images 
consistently  resulted  in  a  more  powerful  discrimination  'han  6m  or 
102iii  images.  Groups  of  10  variables  consistently  showed 
improved  discrimination  in  the  filtered  imagery,  but  not  in  the 
resampled  imagery  (102m).  Groups  of  3  texture  measures 
showed  no  difference  in  discrimination  on  either  the  filtered  or 
resampled  imagery.  We  make  the  general  conclusion  that  with  a 
small  number  of  variables,  changes  in  image  texture  caused  by 
filtering  or  resampling  are  not  captured  by  the  discriminant 


functions.  With  5  or  more  discriminant  variables  the  decrease  in 
fading  caused  by  filtering  is  reflected  in  improved  discrimination 
of  ice  classes.  The  decrease  in  contrast  between  ice  texture  when 
the  imagery  is  resampled  to  102m  results  in  poorer  discrimination 
only  when  the  number  of  variables  exceeds  5. 


4.  Conclusions 

Our  analysis  indicates  that  the  pair  Entropy-Dissimilarity 
contribute  significantly  to  discrimination  of  MYI  and  LAND  in  the 
6m  image.  Correlation  provides  poor  discrimination,  paired  with 
one  of  the  other  measures.  The  parameters  8  and  a  appear  to  be 
useful  when  statistics  are  obtain^  at  conffasting  levels  (i.e.,  8=1 
and  5,  a=0O  and  90°)  for  the  same  statistic.  Using  all  5  measures 
provides  a  reasonable  discrimination,  while  10  measures  (all  5  at 
contrasting  a  or  8)  are  needed  for  complete  discrimination. 
Adaptive  filtering  improves  discrimination  when  5  or  more 
measures  are  used.  Resampling  to  102m  decreases  discriminatory 
power  over  all  variables  tested. 

Discriminant  analysis  is  a  useful  tool  for  understanding  the 
relationships  between  several  variables  and  discrimination  of  ice 
classes.  It  is  most  often  used  in  an  exploratory  fashion  to  identify 
and  describe  patterns  that  may  exist  in  the  data.  The  conclusions 
presented  here  are  the  result  of  the  exploratory  side  of  MDA  and 
SDA.  Future  work  will  be  directed  towards  the  use  of  more  easily 
computed  descriptive  variables  (first  order  statistics  and  image 
ffansforms)  used  in  conjunction  with  texture  statistics.  Results 
presented  here  will  be  quantified  using  classical  univariate  and 
multivariate  hypothesis  testing,  to  determine  the  stability  and 
universality  of  these  results. 
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(I)  ABSTRACT 

Automated  sea-ice  classification  from  radar  images 
has  been  identified  as  one  of  the  prime  goals  of 
future  sea-ice  monitoring  programs.  The  performance 
of  any  image  classification  scheme,  supervised  or 
unsupervised,  depends  on  the  set  of  image  properties 
chosen  to  characterize  the  existing  classes.  There¬ 
fore,  further  understanding  of  those  proijerties  that 
promise  strong  interpretation  capabilities  for  radar 
images  is  highly  desirable  at  present.  This  paper 
reports  on  preliminary  results  front  a  recent  study  to 
evaluate  the  utility  of  selected  textural  measures, 
derived  from  the  gray-level  co-occurence  matrix, in 
sea-ice  classification  using  X-  and  L-band  SAR  images. 
The  sensitivity  of  the  measures  to  different  computa¬ 
tional  parameters  were  also  examined. 

Key  words:  sea-ice,  texture  measures,  SAR. 

(II)  INTROtWCTlON 

Imaging  radars,  specially  Synthetic  ;^rture  Radar 
(SAR),  have  demonstrated  a  great  potential  in  sea- 
ice  monitoring  programs.  With  the  prospect  of  SAR  on 
future  satellites  (ERS-1,  RADARSAT  and  EOS),  a  vast 
volume  of  imagery  data  is  expected  to  be  received 
routinely.  To  ensure  efficient  utilization  of  the 
data,  several  research  programs  have  been  undertaken 
to  devise  automated  methods  of  extracting  information 
from  the  images  especially  on  sea-ice  classification. 

An  efficient  sea-ice  classification  scheme,  the 
long  term  objective  of  the  current  study,  entails 
defining  a  suitable  set  of  image  properties  that 
separates  different  ice  types  uniquely.  The  two  sets 
commonly  used  in  describing  image  information  ace  the 
spectral  and  textural  properties.  Spectral  properties 
describe  the  gray  tone  as  related  to  electromagnetic 
radiation  received  by  the  imaging  sensors,  while 
textural  properties  describe  the  spatial  distribution 
of  the  gray  tone  within  a  reasoneijly  small  block  of 
pixels.  Quantitative  definition  of  texture  is  rather 
more  difficult,  however  a  few  indicators  of  the  gray- 
tone  spatial  distribution  are  usually  used  to 
quantify  texture.  Among  those  indicators  are  the 
degree  of  coherence  (pattern-likeliness) ,  homogeneity 
and  contrast.  They  all  contcibjte  to  what  is  commonly 
perceived  as  smooth  or  rough  texture. 

Gray  tone  from  a  single-band  radar  proved  to  be 
not  useful  for  ice  classification,  and  the  utility  of 
multispectcal  radar  data  remains  to  be  evaluated  when 
such  date  become  more  available.  Recent  studies  on 
SAR  image  interpretation  (Guindon  et  al.,1982.  Holmes 
et  al.,i984.  Frost  et  al.,1984  and  Ulaby  et  at. ,1986) 


have  pointed  out  the  iiqxjrtance  of  textural  informa¬ 
tion,  and  suggested  combining  spectral  and  textural 
information  for  image  classification.  Several  textu¬ 
ral  measures  have  been  successfully  used  in  previous 
studies.  Measures  that  are  related  to  solving  texture 
discrimination  problems  were  reviewed  (Davis,  1979). 

Two  main  approaches  have  been  adopted  in  the 
literature  to  characterize  texture:  the  first-  and 
second-order  texture  measures.  The  first-order 
measures  operate  on  the  gray  level  of  pixels  within  a 
spacified  window  to  calculate  statistical  parameters 
that  describe  texture.  This  approach  was  used  by 
Guindon  et  al.  (1982),  to  derive  and  examine  three 
texture  measures  called  homogeneity,  concrast  and 
correlation.  They  concluded  that  the  measures  were 
generally  useful  in  separating  tough  from  smooth  icc, 
and  the  contrast  measure  was  the  principal  source  of 
classification  improvement.  The  second-order  texure 
measures  operate  on  a  matrix  derived  from  the  gray 
tone  values  of  a  window  of  pixels  to  calculate 
statistical  parameters  from  the  matrix  entries.  The 
parameters  can  be  related  to  the  actual  texture 
content  of  the  window.  A  widely-used  matrix  for  that 
purpose  is  the  Gray-Level  Co-occurence  Matrix  (GLCM) 
(Haralick  et  al.,  1973).  It  has  been  frequently  used 
in  SAR  image  analysis  for  a  variety  of  applications, 
but  not  very  much  considered  for  the  sea-ice 
application.  An  early  study  (Holmes  et  al.,  1984) 
examined  two  GLCM  textural  measures  for  sea-ice  SAR 
images:  the  inertia  and  entropy.  They  concluded  that 
first-year  ice  and  multi-year  ice  could  be  character¬ 
ized  by  different  values  of  inertia  texture,  while 
entropy  texture  could  be  used  to  characterize  ice 
floe  hxjundaries  and  regions  of  rough-surface.  Two 
more  recent  studies  (Hlrose  et  al.  1989  and  Barber  et 
al.,  1989)  have  addressed  the  application  of  GLCM 
texture  measures  to  sea-ice  radar  images. 

The  immediate  purpose  of  the  present  investigation 
was  to  examine  the  utility  of  selected  textural 
measures  (single  and  combined)  for  sea-ice  classific¬ 
ation  into  four  main  classes:  multi-year  (MY),  first- 
year  (FY),  young  ice  (Yl)  and  new  ice  (NI).  The 
dependence  of  the  measures  performance  on  a  few 
computation  parameters  (Sec.  Ill)  was  also  examined. 
Results  would  contribute  to  a  long-term  objective  of 
esLcioiibiiiiig  a  cOuiprehcuslve  Radac— Image  Properties 
Library  (RIPLIB)  that  describe  the  variation  of  image 
properties  for  different  ice  types  under  different 
seasonal  and  regional  conditions.  The  library  can  be 
consulted  to  select  a  best  set  of  properties  that 
suits  sea-ice  SAR  interpretation  tasks  in  general, 
and  classification  in  particular. 
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(II)  DATA  SET 

Two  SAR  images  were  used  in  this  study.  The  first, 
Fig.  1,  was  of  hould  Bay  in  the  Canadian  North  West 
Territory,  obtained  in  March  1984  using  the  airborne 
Intera  STAR-1  SAR  (X-band,  HH  polarization).  The 
image  was  gathered  during  one  of  the  North-South 
transects  of  the  aircraft,  and  was  resanpled  to  35X35 
m  from  6X6  m  pixels.  A  median  filter  was  applied 
later  to  reduce  the  spec);le.  The  image  was  made  of 
three  ice  types:  multi-year  (MY),  first-year  rough 
(FYR),  and  first-year  smooth  (FYS).  They  could  all  be 
easily  identified  manually.  Detailed  set  of  field 
validation  data  was  available. 

The  second  image,  of  Beaufort  Sea/Banks  Island 
Marginal  Ice  Zone,  was  obtained  in  October  1978  from 
SEASAT  SAR  (L-band,  HH).  The  image,  Fig.  2,  was 
resan^iled  to  50X50  m  from  12.5X12.5  m  pixels.  It  was 
predominantly  made  up  of  MY  floes  (with  numerous 
ridges  and  riibble)  surrounded  by  a  very  close  pack 
New  Ice  (NI)  and  Young  Ice  (YI)  near  shore.  New  and 
young  ice  are  remarkably  darker  than  multi-year  ice, 
although  YI  is  slightly  lighter  than  NI  and  has  more 
texture  definition.  Training  data  sets  for  each  ice 
type  in  the  two  images  were  created  based  on  manual 
interpretation  by  sea-ice  experts.  Mould  Bay  and 
Beaufort  Sea/Banks  Island  images  will  be  refered  to 
in  this  paper  as  MB  and  B/B  image  respectively. 


(Ill)  TEXTURE  ANALYSIS 

The  set  of  textural  measures  used  in  this  study 
consists  of  three  statistics  derived  from  the  GLCH, 
namely  the  inertia,  uniformity,  and  entropy. 
Definitions  of  those  measures,  along  with  a  brief 
explanation  of  their  relations  to  the  actual  textural 
structure  of  the  image  are  presented  in  this  section. 
Main  aspects  of  the  GLCM  calculations  are  introduced 
first. 

Let  G(x,y)  be  a  gray  level  function  of  an  image, 
defined  at  loaction  (x,y),  and  let  N  be  the  number  of 
quantized  gray  levels  in  G.  The  GLCM  is  a  square 
matrix  of  dimension  N.  A  window  of  image  pixels,  Fig. 
3,  has  to  be  specified  in  order  to  compute  the  matrix 
entries  (in  this  study  a  square  window  of  dimensions 
WxW  was  used) .  The  matrix  may  be  assigned  to  an 
individual  pixel,  usually  the  center  of  the  window, 
or  to  the  entire  block  of  pixels  that  comprise  the 


Fig.  1  Mould  Bay  STAR-1  image 


Fig.  2,  SEASAT  Beaufort  sea  image 


window  (again,  in  this  study  a  matrix  was  assigned  to 
each  individual  pixel).  The  un-normalized  entry  P.. 
of  the  matrix  represents  the  number  of  occurences 
of  two  neighbouring  pixels  within  the  window,  one 
with  gray-level  i  and  the  other  with  gray-level  j. 
The  two  neighbouring  pixels  have  to  be  separated  by  a 
displacement  vector  D  . 


Pij(B)  ■  M  l(Xi,y]L>  '  <’‘2'i'2>' 

1  G(Xj^,yj^)-i,G(X2,y2)“j, 

[(x^fy^)  -  (X2,y2)“D)  )  (1) 


where  it  denotes  the  number  of  elments  in  the  set. 
Three  computation  parameters  have  to  be  selected  in 
order  to  perform  the  computation:  N,  W,  and  D. 

Four  co-occurence  matrices  were  computed  at  each 
pixel,  one  for  each  of  the  four  discrete  angles  0 
associated  with  the  selected  value  of  D  ,  i.e.  for 
0  ”  0,  45,  90,  and  135  (see  Fig.  3).  The  entries 
were  then  normalized  by  dividing  the  total  numdjer 
of  paired  occurences  (varies  for  each  direction)  in 
the  window.  Normalized  entries  P.j  were  calculated 
as  follows  (D  “  magnitude  of  D): 


Fig.  3,  Geometrical  arrangement  for  GLCM 
calculation  at  the  center  pixel  of 
the  shown  window. 
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'ij(2)  -  Pij(D)/t2  W  (W-D)) 

for  d  -  0,90 

(2) 

'ij(B)  -  Pij(D)/[2  (W-D)2  ) 

for  0-45,135 

(3) 

The  four  matrices  were  then  averaged,  and  the 
average  matrix  was  assigned  to  the  pixel  under 
consideration.  The  advantage  of  using  this  matrix  is 
twofold.  First,  it  is  rotationally  invariant  (all 
directions  are  involved  in  the  computation)  so  that 
identical  results  are  guaranteed  if  the  image  is 
rotated  during  a  transfer  process  from  one  medium  to 
another.  Secondly,  it  avoids  using  an  angular- 
de^ndent  GLCM  that  may  contain  misleading 
information  as  far  as  ice  classification  is 
concerned.  To  explain,  angular-dependent  GUM  may 
reveal  information  about  texture  biased  towards  a 
certain  direction,  but  this  information  should  be 
regarded  as  disclosure  about  directionality  of  ice 
features  (ridges,  rubbles,  waves,  ..  etc.)  rather 
than  indicators  about  ice  types.  Uierefote  they 
should  not  be  enployed  within  an  ice  classification 
context.  The  texture  measures  examined  in  this  study 
are  derived  from  the  GUM  as  follows  : 


Inertia  :  1  -  =4  E  £ (  i  -  j  )“  •  P,. 
l.j  W  M 

N  N 

Uniformity:  U  «  y)  V  p, 
i=i  jli  ^3 

N  N 

Entropy  :  E  -  S  J}- P  .  Log  (P.  .) 

Ill  j=l 


(4) 


(5) 

(6) 


Inertia  and  uniformity  ate  sometimes  used  in  the 
literature  wder  different  names:  contrast  and 
homogeneity  respectively,  ihe  definition  of  Inertia 
is  slightly  different  from  the  conewnly-used  version 
(Holmes,  1984)  in  that  it  is  normalized  by  the  factor 
( i . j ) ,  the  multiplication  of  the  coordinates  of  the 
centriod  of  the  GUM  entries.  The  coordinates  are 
defined  as: 


N  N 


E  E  i.Pij  /  (  E  C  Pij  ) 

1=1  j:l  1  1 

(7) 

N  N 

E  E  /  (  E  ?  Pij  ) 

i=l  )zl  '  ‘ 

(8) 

This  normalization  procedure  was  adopted  to  ensure 
the  invariance  of  the  inertia  measure  under  two 
possible  conditions:  linear  gray  level  transformation 
and  re-quantization  of  the  gray  level  scale.  Tto 
explain,  suppose  that  same  image  is  acquired  from  two 
sensors  calibrated  differently.  The  impact  on  the 
GUM  will  be  such  that  the  structure  is  preserved 
though  displaced  in  the  mat’-ix  space.  The  calculated 
inertia  measure  will  be  affected  unless  normalized  by 
a  factor  which  reflects  that  displacement.  A  similar 
argument  applies  vmen  GLCM  is  calculated  for  the  same 
image  using  different  N  values.  In  this  case,  GUMs 
will  have  different  sizes  and  the  spatial 
distribution  of  entries  will  be  con^ressed  or 
enlarged  accordingly.  Again,  the  inertia  measure  will 
be  affected  unless  normalized  by  a  factor  that 
involves  the  centriod  of  the  modified  distribution. 


The  actual  textrual  structure  of  an  image  subscene 
can  be  related  to  the  structure  of  the  co-occurence 
matrix  as  follows.  For  a  homogeneous  subscene, 
transitions  between  high  and  low  gray  levels  are  not 
frequent.  Therefore,  most  of  the  pairs  of  adjacent 
pixels  will  have  similar  gray  levels,  and  that  leads 
to  large  values  of  diagonal  and  near-''.iagonal  entries 
of  the  matrix.  On  the  other  hand,  if  a  subscene  is 
highly  textured,  trmsitions  between  high  and  low 
gray  level  occur  more  frequently,  and  l^t  builds 
towards  large  values  of  the  off-diagonal  entries. 

Ne.xt  to  this  relation  is  the  relation  between  the 
structure  of  the  co-occurence  matrix  eu)d  the  values 
of  the  texture  measures  defined  a^e.  Inertia  is 
highly  influenced  iy  the  off-diagonal  values  of  the 
matrix.  Therefore,  it  should  be  considered  as  a 
measure  of  contrast  between  the  gray  levels  in  the 
conputation  window.  High  inertia  values  mean  higher 
contrast  texture.  Uniformity,  on  the  other  hand,  is 
mainly  influenced  by  high-value  entries  of  the 
matrix.  Bearing  in  mind  that  such  high  values  result 
when  the  gray  level  distribution  over  the  window  has 
either  a  constant  or  a  periodic  form,  then  uniformity 
as  the  name  indicates,  can  be  considered  as  a  measure 
of  the  homogeneity  of  gray  level  distribution.  A  high 
uniformity  value  means  more  homogeneous  region  and 
vice  versa.  Entropy,  as  pertaining  to  the  random 
process  theory,  is  a  statistical  measure  which  is 
used  to  quantify  the  "disorder"  in  a  function.  To 
illustrate,  consider  two  extreme  cases  of  the  gray 
level  function:  a  uniform,  and  a  fully  random  (white 
noise)  function.  In  the  first  case,  the  i  ''stogram  is 
a  Delta  function  and  therefore  all  but  a  of  the  F, j 
in  the  entropy  equation  are  zero,  and  the  entropy  ^ 
achieves  a  minimum  value  of  zero.  In  the  second  case, 
the  histogram  is  a  constant  function,  l.e.  all  P.j 
are  equal,  and  equal  to  1/ta  where  m  is  the  total 
number  of  entries  in  the  signal.  In  this  case  the 
entropy  reaches  its  maximum  value  of  log  m  (Whittle, 
1970).  In  conclusion,  the  entropy  talcgs  a  higher 
value  as  the  histogram  of  the  gray  level  distribution 
becomes  closer  to  uniform  (more  disordered). 


Computation  of  the  three  texture  measures  at  each 
pixel  resulted  in  three  "texture  images"  .  The  gray 
level  at  each  pixel  in  a  texture  image  is  proport¬ 
ional  to  the  mean  value  of  the  relevant  measure. 
Texture  images  can  be  generated  in  a  reasonable 
computation  time  only  if  the  gray  level  range  is 
reduced  from  the  commonly-available  255  intervals 
{8-bit).  For  that  reason,  the  gray  level  was  coepre- 
ssed  to  4,  16  and  64  intervals.  The  relevant  conputa- 
tion  tine  for  any  texture  image  was  8,  45,  and  470 
minutes  respectively  on  the  Concurrent  3244  conputer 
of  the  Aerospace  Meteorology  Division  of  Atmospheric 
Environment  Service  (AES).  A  special  application 
program  was  developed  under  PCI  EASI/PACE  image 
analysis  software  to  perform  the  conputation.  The 
gray  level  conpression  was  achieved  by  examining  the 
histogram  of  the  raw  image  and  re-quantizing  the  gray 
level  band  centered  on  the  mean  value  and  bounded  iv 
a  width  of  ±  3  standard  deviations. 


(tv)  RESULTS 

All  values  of  texture  measures  presented  in  this 
section  are  in  the  actual  "texture-measure"  scale 
rather  than  "texture-image"  scale.  The  difference 
between  the  two  scales  is  that  the  latter  (usually 
8-bit  )  is  derived  from  the  former  (real  numbers 
typically  between  0.0  to  1.0)  using  a  linear  mapping 
function  in  order  to  allow  the  display  of  a  texture 
image,  enviously,  the  mapping  function  depends  on  the 


Fig.  4  Histograms  of  inertia,  uniformity  and 
entropy  from  Mould  Bay  image. 


Table  I  GLCM  parameter  values  used  in  the  study 


Examined 

parameter 

values  of 

the  other  two  parameters 

N 

W 

D 

N>4,16,64 

— 

5 

1 

W-5,  7,  9 

16 

— 

1 

1>1,  2,  3 

16 

7 

— 

image  content,  and  therefore  texture  values  obtained 
in  the  texture-image  scale  from  a  certain  image  will 
lose  their  meaning  when  compared  to  corresponding 
values  from  another  image  (con^rison  between  texture 
from  different  ice  types  in  the  same  image  should 
still  be  possible).  Texture-measure  scale  has  to  be 
used  if  the  purpose  is  to  assimilate  data  from 
several  test  images  to  define  suitable  discriminating 
measures  applicable  to  any  SAR  image. 

Histograms  of  different  texture  measures  for  each 
ice  type  were  evaluated  for  their  use  in  characteriz¬ 
ing  ice  types.  No  characteristic  distributions  were 
found  although  both  the  inertia  and  entropy  of  Ki  ice 
tended  to  fit  a  Guasslan  function.  Distributions  of 
all  texture  measures  for  YI  and  NI  had  a  large  peak 
followed  by  a  long,  thin  tail  at  one  side.  The 
uniformity  measure  was  characterized  by  blunt  tails. 
Selected  distributions  are  shown  in  Fig.  4  for  HB 
image.  No  attenpt  was  made  to  construct  and  test 
hypotheses  about  histogram  of  a  population  (an  ice 
ty^)  as  related  to  the  histogram  of  a  saiif>le 
(training  data  of  an  ice  type). 

Sensitivities  of  the  texture  measures  to  the  three 
GLCM  control  parameters:  N,  W  and  0,  were  examined. 

Table  II  Scacistlcs  of  gray  tone  and 


Table  I  shows  the  parameter  values  used  for  that 
purpose.  The  mean  values  of  the  three  measures  with 
error  bars  representing  i,  one  standard  deviation  from 
means,  are  plotted  in  Figs.  5  for  the  three  ice  types 
in  the  MB  image.  It  is  important  to  interpret  the 
error  bars  in  relation  to  the  sanple  distribution 
functions  described  above. 

As  can  be  seen  from  the  figures,  the  sensitivity 
of  texture  measures  to  N  is  tangible  only  between  N-4 
and  16,  after  which  no  significant  change  is  noticed. 
This  means  that  there  is  no  need  to  perform  texture 
calculation  for  N  >  16,  which  is  desirable  from  the 
standpoint  of  computation  time.  Results  from  the  B/B 
image  suggests  that  texture  measures  calculated  using 
N>4  may  be  used  to  furnish  a  prillminary  discrimina¬ 
tion  between  MY  ice  and  other  ice  types.  This  may  be 
particularly  useful  for  a  near-real-time  ice 
classification  scheme.  With  respect  to  the  window 
size  and  pixel  displacement,  texture  measures  are 
almost  insensitive.  A  minor  exception  here  is  the 
Inertia,  which  demonstrates  a  slightly  less 
discrimination  capability  Isetween  ice  types  as  the 
window  size  Increases.  This  observation  is  evident  in 
the  results  of  both  images.  Results  from  Figs.  5  also 
suggest  the  selection  of  N»16  (4-bit  image)  ,W«5X5 
and  D>1  as  the  best  set  that  preserves  the  texture 
information  while  ensuring  a  reasonable  computation 
time.  These  values  were  used  to  construct  table  II, 
where  gray  level  emd  texture -measures  statistics 
(mean,  median,  and  standard  deviation)  are  shown  for 
different  ice  types  in  the  MB  and  B/B  images.  The 
table  constitutes  a  small  portion  of  the  proposed 
RIPLIB,  defined  in  Sec.  II. 


A  few  interesting  observations  can  be  drawn  from 
the  table.  First,  MY  ice  in  both  images  had  almost 
identical  textural  statistics,  notwithstanding  the 
differences  in  radar  frequencies  (X-band  for  MB  and 
L-band  for  B/B),  the  region  and  the  season  under 
yhich  the  two  images  were  acquired.  This  is  a 
promising  result  because  it  confirms  the  possibility 
of  identifying  a  region-independent  classifier 
parameter.  It  is  worth  mentioning  that  texture 
statistics,  in  terms  of  texture-image  scale,  of  MY 
ice  from  both  images,  were  not  identical  as  such.  The 
second  observation  is  pertinent  to  the  significant 
difference  between  the  gray  level  statistics  from  the 
two  images.  MY  ice  is  nearly  twice  as  bright  in  B/B 
image  as  in  MB  image.  The  difference  may  be 
attributed  to  the  question  of  SAR  radiometric 
calibration.  As  a  result,  gray  level  should  not  be 
used  to  characterize  ice  types  (in  an  absolute  sense) 
unless  a  proper  normalization  procedure  is  devised. 
Here  again,  the  invariant  character  of  the  GLCM  (and 
the  derived  textural  measures)  under  monotonic  gray 
level  transformations  proved  to  be  a  highly  desirable 
property.  Thirdly,  the  table  indicates  the 
difficulty  in  discriminating  FYR,  FYS,  and  YI.  The  YI 
has  a  texture  closer  to  the  FYR  ice.  Additional 
image  properties  are  required  to  clarify  the  fuzzy 
region  occupied  by  those  Uiree  ice  types. 


texture  measures  for  different  ice  types 
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27 
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44 
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0.0945 

NI 
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0.2694 

0.2100 
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Fig.  6,  Variation  of  texure  measures  for  different  ice  types  in  2-D  feature  space 


Combinations  of  textural  measures  are  plotted  in 
tv«5-diraensional  feature  space  as  shown  in  Fig.  6.  The 
plots  are  for  N-16,  W-5  and  D«l.  Qualitative  examina¬ 
tion  of  the  plots  allows  preliminary  evaluation  of 
the  performance  of  a  given  combination  in  a  classifi¬ 
cation  routine.  They  indicate  that  MY  ice  can  be 
discriminated  in  any  space,  while  NI  is  relatively 
identifiable  in  the  uniformity-entropy  space.  Because 
of  the  long-tailed  histogram  of  texture  measures  of 
the  NI,  a  measure  variance  can  be  significantly 
reduced  if  a  small  portion  (e.g.  5%)  of  the  tail  is 
eliminated,  and  therefore  the  NI  separability  can  be 
improved.  The  figures  also  show  that  the  uniformity 
measure  is  more  sensitive  to  smooth  texture,  (small 
variance  for  MY  and  large  variances  for  Y1  and  NI). 
No  similar  trend  can  be  noticed  for  the  inertia  and 
entropy  measures.  Inertia  and  entropy  offer  same 
expression  for  ice  types,  while  uniformity  offers  an 
inverse  expression. 


(V)  CONCLUSIONS 

This  study  was  part  of  a  scientific  endeavor 
undertaken  by  a  Canadian  group,  CRAGTAG,  to  develop 
an  automated  algorithm  for  sea  ice  classification 
from  SAR  images.  The  adopted  strategy  entailed 
defining  radar-image  properties  that  could  separate 
ice  types  uniquely.  To  that  end,  the  present 
investigation  intended  to  evaluate  the  utility  of 
three  texture  measures,  derived  from  gray-level 
co-occurence  matrix,  as  sea-ice  classifiers.  Within 
the  limitations  of  the  analyzed  data,  the  following 
four  main  conclusions  were  attained; 

1.  The  examined  texture  measures  are  not  sensitive  to 
the  three  GLCM  computation  parameters  (N,  W,  and 
D).  A  4-bit  gray  level  scale  is  sufficient  to 
preserve  all  texture  information  required  for  the 
analysis. 

2.  Multi-year  ice  can  be  identified  using  any  measure 
although  rainimium  variance  is  offered  by  the 
uniformity  measure.  New  ice  can  also  be  best 
identified  by  the  uniformity. 

3.  Non  of  the  examined  measures  is  useful  in  separat¬ 
ing  first-year  smooth  and  rough,  and  new  ice. 

4.  GLCM  texture  measures  ace  of  more  universal 
character  than  gray  tone,  in  that  an  ice  type  can 
be  associated  with  a  unique  range  of  a  texture 
measure.  This  is  due  to  the  invariant  character  of 
the  GLCM  under  monotonic  GL  transformation. 
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ABSTRACT 

Ice  concentrations  derived  from  passive  microwave  data  from 
the  Special  Sensing  Microwave  Imager  SSM/I,  Landsat- 
Multispectral  Scanner  (MSS)  and  Advanced  Very  High 
Resolution  Radiometer  (AVHRR)  are  intercompared  for  the 
validation  of  SSM/I  derived  sea  ice  products.  Case  studies  with 
data  from  the  Beaufort,  Bering,  East  Greenland  and  Weddell  Sea 
are  conducted  to  evaluate  the  performance  of  the  NASA  -  Team 
SSM/I  algoritiun  under  various  sea  ice  conditions.  The  results 
show  that  SSM/I  ice  concentrations  are  accurate  with  a  mean 
error  of  15  %  using  globally  derived  tie  points. 

INTRODUCTION 

Polar  oceans  play  an  important  role  in  the  global  climate  system. 
Recent  modelling  results  indicate  that  the  wanning  effect  of 
"greenhouse"  gases  in  the  atmosphere  will  be  amplified  in  the 
polar  regions  where  the  presence  of  sea  ice  provides  a  positive 
feedback  (Hansen,  1988).  Further  studies  investigating  the  role 
of  the  polar  regions  in  global  climate  change  require  a  better 
understanding  of  heat  and  mass  transfer  processes  in  the  polar 
oceans.  These  processes  arc  largely  controlled  by  the 
geographical  distribution  of  sea  ice  as  well  as  types.  Passive 
microwave  remote  sensing  techniques  with  the  ability  to 
determine  first  and  multi-year  ice  concentrations  have  been  used 
to  monitor  sea  ice  in  the  arctic  regions  since  1973  (Cavalier!  et 
al.,  1984;  Comiso,  1986;  Gloersen  and  Cavalieri,  1986;  Steffen 
and  Maslanik,  1988).  With  the  launch  of  the  Specitd  Scatming 
Microwave  Imager  (SSM/I)  on  board  a  Defense  Meteorologies 
Satellite  Program  (DMSP)  passive  microwave  data  have  become 
available  that  allow  the  compilation  of  a  long  term  data  base  for 
the  sea  ice  research  community.  The  research  piesented  is  part  of 
an  ongoing  effort  to  validate  and  improve  sea  ice  products 
derived  from  SSM/1  brightness  temperatures  through  comparison 
with  higher  resolution  LANDSAT-MSS  and  AVHRR  imagery.  It 
addresses  the  general  question  to  what  accuracy  sea  ice 
concentrations  can  be  determined  in  different  geographical 
regions  with  varying  sea  ice  regimes. 

METHODOLOGY 

The  accuracy  assessment  of  sea  ice  products  based  on 
microwave  radiometry  is  significantly  complicated  by  the  large 
fields  of  view  of  the  SSM/I  passive  microwave  sensor  (69x43 
km  for  the  19  GHz  aiid  37x28  km  for  the  37  GHz  channel).  In 
effect  the  seiii,or  integrates  over  areas  substantially  larger  than 
must  let,  features.  Tiierefure,  higliet  resulution  imagery,  blowing 
the  classification  of  ice  features  on  a  pbiel  level,  needs  to  be 
compiled  for  areas  covering  several  SSM/I  footprints  in  order  to 
allow  a  meaningful  comparison.  Since  a  comparison  at  the 
hemispheric  scale  typical  for  the  SSM/I  sea  ice  products  is 
impossible,  case  studies  have  to  be  designed  to  comprise  a 
representative  sample  reflecting  the  geographical  and  seasonal 
variability  of  sea  ice  conditions  in  the  north  and  south  polar 


regions.  The  presented  case  studies  from  the  Beaufort,  Bering, 
Weddell  and  East  Greenland  Sea  reflect  ice  conditions  during 
freeze  up  and  spring  with  low  and  high  ice  concentrations. 

Ice  concentrations  are  determined  from  the  higher 
resolution  imagery,  averaged  over  50  by  50  km  grid  cells 
corre.sponding  to  the  approximate  size  of  the  SSM/I  19  GHz 
channel  footprint  and  compared  to  sea  ice  parameters  calculated 
from  the  SSM/I  brighmess  temperanires.  The  analysis  of  errors 
then  reveals  possible  problems  with  the  SSM/I  algorithm  with 
respect  to  a  particular  ice  regime  and  the  selection  of  algorithm 
parameters  such  as  the  assumed  brightness  temperanires  for  first- 
and  multi-year  ice  and  open  water  (tie  points). 

DATA  PROCESSING 

Land.sat  MSS 

Cloud-free  Landsat  imagery  was  acquired  for  a  ranp  of  ice 
conditions  and  geographic  locations  to  allow  for  a  validation  of 
the  SSM/1  sea  ice  algorithm  for  a  variety  of  ice  concentrations 
and  ice  types.  Landsat  imagery  was  acquired  in  two  formats: 
Landsat  MSS  digital  imagery  and  Landsat  MSS  photographic 
transparencies. 

Digital  imagery 

Geometrically  and  radiometrically  corrected  Landsat  MSS 
imagery  at  80  m  resolution  (Field  of  View)  is  available  from 
EOSAT  corporation.  This  imagery  can  easily  be  geolocated  and 
regridded  to  match  the  SSW  grid  foimat  (polar  stereographic 
projection).  Due  to  the  high  reflectance  levels  of  ice,  MSS 
channels  1-3  are  frequently  saturated  and  can  only  be  utilized  in 
the  ice  parameter  classification  under  low  sun  an^e  illumination 
conditions.  However,  reflectance  differences  between  thin  ice 
types  and  open  water  are  greatest  in  the  near  infrared  spectral 
range,  so  that  MSS  channel  4  ( 0.8-1. 1  |i)  is  most  suitable  for  the 
determination  of  ice  concentrations. 

Photographic  transparencies 

Due  to  data  communication  problems  with  the  satellite  downlink 
(TDRS),  no  digital  imagery  is  available  for  some  areas  in  the 
Bering,  Chukchi  and  Beaufort  Sea,  but  photographic 
transparencies  could  be  ordered  tlirough  the  Alaskan  Quicklook 
system  operated  by  the  University  of  Alaska’s  Geophysical 
Institute  (Miller  et  al.,  1981).  This  imagery  is  received  in  real 
time  and  recorded  on  photographic  transparencies.  Data  ate 
geometrically  corrected  for  earth  rotation  bat  geolocation 
infomtation  is  unreliable  due  the  lack  of  accurate  ephemeris  and 
real  time  satellite  attitude  data.  Landsat  MSS  channel  4  data 
were  therefore  acquired  in  swaths  so  that  at  least  one  frame 
within  each  swath  contains  identifiable  landmarks.  Through 
comparison  with  maps  and  digital  coastline  data  (CIA  World 
Data  Bank  2),  a  geolocation  correction  can  be  calculated  for  the 
entire  path  resulting  in  a  residual  geolocation  error  of  1.5  km 
with  respect  to  the  map  data.  For  the  subsequent  determination 
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of  ice  concentration  and  sea  ice  types  the  transparencies  were 
digitized  using  a  high  resolution  scanner,  geolocated  using  the 
above  outlined  procedure  and  projected  to  a  polar  stereographic 
projection  (true  at  70°  latitude)  used  for  the  SSM/I  gridded  sea 
ice  products. 

Sensor  Noise  Removal 

Landsat  MSS  image  reflectance  values  are  very  low  due  to  the 
low  illumination  conditions  during  spring  and  fall  in  the  Arctic. 
Despite  the  high  albedo  of  sea  ice  surfaces,  images  frequently 
di.splay  maximum  digital  numbers  (DN)  not  exceeding  40. 
Signal  to  noise  ratios  therefore  are  enhanced  and  significant 
'stitching’  interference  patterns  become  noticeable  on  contrast 
stretched  imagery  (Miller,  1986).  A  fast  fourier  transform  (FFT) 
filter  was  used  to  remove  sensor  noi.se  which  made  the  imagery 
more  suitable  for  classification  and  extraction  of  sea  ice 
concentrations. 

Effects  of  varying  solar  zenith  angles  on  Landsat  imagery 
During  the  process  of  classification  of  the  Landsat  MSS  imagery, 
low  frequency  brightness  variations,  a  darkening  from  one  side 
of  the  image  to  the  other,  were  discovered  on  many  of  the 
images.  These  brightness  variations  seem  to  be  unrelated  to  ice 
type  variations  or  cloud  interference  but  rather  consistently 
occureed  aiong  an  axis  in  the  direction  of  the  sun.  The  brighmess 
variation  was  strong  enough  to  influence  the  result  of  the 
brightness  threshold  based  sea  ice  type  classification  scheme. 
Fig.  1  shows  the  relationship  between  the  variation  of  solar 
elevation  above  horizon  across  the  image,  and  the  mean  DN 
values  (only  values  above  DN  =  100  were  sampled).  Despite  the 
small  solar  elevation  changes  of  only  2.3  degrees,  a  substantial 
change  in  mean  DN  values  can  be  observed.  Snow  and  ice 
surfaces  display  strong  forward  scattering  characteristics  at  low 
sun  angles  (Steffen,  1987;  Taylor  and  Stowe,  1984),  thereby 
reducing  the  radiance  in  the  direction  of  a  near  nadir  satellite.  In 
light  of  previous  research,  the  magnitude  of  the  solar  zenith 
angle  de^ndance  is  surprising.  Nonlinearities  during  the  film 
recording  and  digitization  processes  prevent  an  absolute 
calibration  of  DN  values  to  radiances  for  the  redigitized 
products.  To  reduce  this  effect  for  the  puipose  of  ice 
classification,  images  displaying  a  large  brighmess  variation  due 
to  the  solar  zenith  effect  are  corrected  using  a  linear  flt  of 
observed  mean  brightness  values  to  the  solar  elevation. 


Ice  classification 

For  the  determination  of  ice  concentration  MSS  channel  4  is 
most  useful,  since  it  displays  the  greatest  reflectance  differences 
between  thin  ice  types  and  open  water.  The  capability  to 
di.stinguish  thin  ice  types  seems  crucial  for  the  validation  of  the 
SSM/I  sea  ice  parameters  since  sea  ice  concentrations  deriv^ 
from  passive  microwave  data  are  too  low  in  the  presence  of  thin 
ice  (Steffen  and  Maslanik,  1988).  A  combination  of  channel  1 
and  4  di.splayed  some  utility  for  the  classification  of  clouds  and 
cloud  shadows.  For  the  ice  type  classification,  two  methods  were 
developed. 

Threshold  techniques 

Using  training  areas,  the  brightness  value  ranges  for  different  ice 
types  and  open  water  are  determined.  By  selecting  appropriate 
brightness  tluesholds,  an  image  can  be  classified  into  5  different 
ice  types.  For  the  determination  of  ice  concentration  the  class 
spectrim  comprised  open  water/datk  nilas,  light  nilas,  grey  ice, 
grey-white  ice  and  white  ice,  corresponding  to  a  categorization 
of  ice  thickness  and  stages  of  development  commonly  used  in 
sea  ice  research  (Steffen,  1986).  During  spring  when  only  open 
water  and  white  ice  are  present,  a  ’subrcsolution’  class  was 
introduced,  pjcels  at  intensity  levels  between  opwn  water  and 
white  ice  where  inteipreted  as  containing  ice  floes  of 
subresolution  tu'es  and  put  into  this  class.  Following 
classification,  ice  u''ncentrations  are  calculated  for  50  by  50  Ion 
grid  boxes  corresi;'')Vjing  to  the  grid  of  the  SSM/I  sea  ice 
concentration  products. 


Landsat  MSS  image  (Path  70,  Row  9) 
Beaufort  Sea,  March  12,  1988 


Fig.l  Mean  pixel  values  for  a  l/indsat  MSS  image  in  the 
Beaufort  sea  vs.  Solar  elevation  above  the  horizon  in  Deg. 


Tie  point  algorithm 

During  periods  where  no  new  ice  formation  occurs,  the  spectrum 
of  classes  is  reduced  to  open  water  and  white  ice.  If  open  water 
and  white  ice  are  the  only  two  classes  that  are  present,  tlie 
assumption  can  be  made  that  all  brightness  values  in  betwMn 
tho.se  classes  must  represent  ice  concentrations  at  sub-resolution, 
llie  following  algorithm  (Comiso  and  Zwally  1982)  was  devised 
to  more  realistically  account  for  the  presence  of  ice  floes  smaller 
that  the  MSS  resolution. 

Ic  =  (Dx-Dl/Dh-Dl)*  100 


where: 

Ic  =  Ice  concentration 

Dx  =  Brightness  value  representing  ice  concentration 

Dl  =  Brightness  value  for  open  water 
Dh  =  Brightness  value  for  white  ice 

Tie  points  were  found  using  training  areas  for  open  water  and 
large  white  ice  floes,  where  Dh  represents  the  ntean  brightness 
for  that  floe  minus  one  standard  deviation.  The  tie  point 
algorithm  produces  better  results  due  to  its  capability  of 
accounting  for  sub-resolution  size  ice  floes.  This  was  also  found 
by  Comiso  and  Zwally  (1982)  in  comparison  with  electri^ 
scanning  microwave  radiometer  (ESMR)  derived  sea  ice 
concentrations. 

AVHRR 

AVHRR  local  area  coverage  (LAC)  and  direct  read  out  images 
(HRPT)  were  obtained  and  registered  to  a  polar  stereographic 
projection  for  comparison  with  SSM/I  and  Landsat  data.  The  tie 
point  ice  concentration  algorithm  developed  for  Landsat  imagery 
was  applied  to  the  AVHRR  data.  So  far  no  direct  comparison  of 
ice  concentrations  from  AVHRR  and  Landsat  data  in  the  visible 
channels  has  been  carried  out.  However,  it  is  one  of  the  goals  of 
the  ongoing  validation  effort.  Ice  concentrations  derived  from 
thennal  infrared  AVHRR  data  showed  substantially  lower  values 
compared  to  the  Landsat  derived  products,  and  therefore,  will 
not  to  used  in  fliture  comparisons. 

vSSM/I 

Passive  microwave  data  used  in  this  study  were  acquired  by  the 
DMSP  special  sensor  microwave  imager  (SSM/1).  The 
instrument  operates  at  four  frequencies:  19.3, 22.2, 37.0  and  85.5 
GHz.  Vertical  and  horizontal  polarizations  are  provided  for  each 
frequency,  except  ihc  22.2  GHz  channel. 

SSM/I  orbital  data  supplied  by  Nasa  Ocean  Data  System 
(NODS)  and  National  Snow  and  Ice  Data  Center  (NSIDC)  were 
mapped  to  grid  celts  with  a  dimension  of  25x25  km  and 
projected  to  a  polar  stereographic  projection  (true  _  at  70° 
latitude).  For  the  calculations  of  ice  concentrations,  brightness 
temperatures  were  averaged  over  50x50  km  grid  cells. 
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Ice  Classification 

Mapping  of  sea  ice  concentration  using  passive  microwi've  data 
is  possible  owing  to  tlie  large  difference  in  polarization  bv'tween 
water  and  sea  ice.  In  addition,  the  drainage  of  brine  pockets 
during  summer  causes  alterations  in  the  scattering  properties  that 
allow  a  differentiation  between  ice  types  (Svendsen  et  al.,  198.^; 
Comiso,  1983;  1986;  Cavalieri  et  al.,  1984;  Gloersen  and 
Cavalieri,  1986).  Using  the  algorithm  devised  by  Gloersen  and 
Cavalieri  (1986),  sea  ice  concentrations  and  multi-year  ice 
fractions  are  calculated  from  the  19  GHz  polarizations  and  37  - 
19  GHz  brighmess  temperature  differences  of  the  SSM/1  data. 
The  algorithm  interprets  measured  brightness  temperatures  as  the 
respective  contributions  of  open  ocean,  first-year  and  multi-year 
ice  and  assumes  fixed  brightness  temperatures  values  for  open 
water  (Tbw),  100  %  first-year  ice  (Tap)  and  100  %  multi-year  ice 
(Trm).  These  fixed  temperatures,  known  as  tie  points  are  critical 
for  the  accurate  performance  of  the  ice  concentration  retrieval 
algorithm  and  are  commonly  detenus  ed  from  statistics  for  the 
entire  polar  ocean  (Cavalieri  and  Gloersen  1984).  An  analysis  of 
the  sensitivity  of  the  retrieval  accuracy  to  the  selection  of  tie 
points  is  discussed  by  Steffen  and  Schweiger  (Tliese 
Proceedings). 


RESULTS 

Beaufort  Sea 

Four  case  studies  were  conducted  for  the  Beaufort  Sea  region 
covering  an  ice  concentration  range  from  0  to  100  %  during  fall 
and  spring.  Case  study  1  represents  the  situation  of  low  ice 
concentration  (mean  =  13  %)  along  the  ice  edge  during  the  fall 
with  air  temperatures  above  freezing.  Case  study  2  represents  the 
freeze-up  situation  showing  Landsat  ice  concentration  between 
91  and  97  %  with  5.9  %  open  water  and  dark  nilas,  5.1  %  grey 
ice,  38.3  %  grey-white  ice,  and  50.3  %  white  ice.  Case  studies  3 
and  4  represent  the  very  close  pack  ice  situation  in  spring  with 
ice  concentrations  above  95  %  largely  composed  of  first  -  and 
multi-year  ice  types.  Mean  Landsat  -  SSM/I  ice  concentration 
differences  for  the  Beaufoit  sea  area  case  studies  range  between 
7.5  %  and  13.9  %  with  extreme  deviations  of  up  to  19.7  %. 

Bering  Sea 

In  the  Bering  Sea  (Case  study  5)  the  Landsat  ice  type 
classification  shows  total  ice  concentrations  between  88  and  100 
%.  The  ice  regime  is  dominated  by  young  ice  with  over  70  % 
nilas,  grey  and  grey  white  ice.  In  the  cioud  free  regions,  more 
than  70  %  of  the  ice  cover  was  young  ice  (grey  ice  and  grey- 
white  ice)  and  nilas.  Further  comparison  with  high  resolution 
aerial  photographs  showed  that  linear  features  of  120  m  in 
dimension  such  as  ice  floes  or  fractures  could  still  be  identified 
in  the  Landsat  image.  Ice  concentration  differences  between 
Landsat  and  SSM/1  are  large  in  this  areas  showing  a  mean  error 
of  15  %  percent  and  a  maximal  difference  of  24  %  can  be 
observed.  Tliis  large  discrepancy  is  most  likely  due  to  the 
inability  of  the  NASA  algoritlun  to  detect  thin  ice  types. 

Weddell  Sea  (Case  study  6) 

Ice  regime  is  close  pack  ice  with  concentrations  between  8/10 
and  9/10,  composed  of  floes  mostly  in  contact.  Floes  size  varied 
from  small  (  <100  m)  to  giant  (  >10  km),  with  the  largest  floes 
being  approximately  40  lun  in  diameter.  No  significant  open 
water  areas  are  present  except  in  leads.  The  objective  of  this  case 
study  is  the  validation  of  high  first-year  ice  concentration  during 
premelt.  Landsat  and  SSM^  derived  ice  concentrations  are  in 
good  agreement  with  a  mean  difference  of  3.7  percent.  Detailed 
results  tor  the  Landsat-bbM/1  comparison  by  cases  studies  are 
presented  in  table  1  with  separate  c^culations  for  25  and  50  km 
grids. 


Case 

Mean 

Std.Dev 

Min 

Max 

N 

Grid 

1 

9.7 

3.4 

5.7 

13.9 

9 

50 

1 

9.15 

5.8 

.4 

22.3 

51 

25 

2 

13.9 

3.9 

9.9 

19.7 

6 

50 

2 

15.7 

6.1 

1.1 

24.9 

36 

25 

3 

7.5 

1.4 

5.4 

9.8 

7 

50 

3 

7.8 

2.1 

2.1 

14 

47 

25 

4 

11.1 

1.2 

9.5 

13.1 

12 

50 

4 

11.1 

2.0 

6.7 

15.0 

64 

25 

5 

15.8 

4.9 

5.4 

24.1 

14 

50 

5 

15.13 

4.8 

1.9 

25.8 

87 

25 

6 

3.9 

1.3 

2.8 

6.2 

7 

5 

6 

3.7 

2.3 

.3 

11.1 

34 

25 

Table  I  .  Statistics  of  Landsat-SSMH  comparison  for  2  different 
grid  size.  Differences  ore  expresses  in  absolute  mean  errors. 
Case  1 .2,3,4  Beaufort  Sea  Area,  Case  5  ;  Bering  Sea,  Cased: 
Weddell  Sea.  N  is  the  number  of  observations  per  case  study. 

AVHRR  East  Greenland  Sea 

SSM/I  derived  icc  concentrations  based  on  NASA  tie  point 
statistics  are  compared  with  average  AVHRR  derived  ice 
concentration  for  50  by  50  km  size  pbiels  for  an  area  in  the  East 
Greenland  Sea  (Fig.  2).  The  ice  regimes  is  governed  by  a 
mnture  of  first  and  multi  year  ice  flows  with  ice  concentrati!)i'>, 
ranging  from  0  to  70  %.  TTie  SSM/I  ice  concentration  algorith.*n 
overestimates  ice  concentration  on  average  by  7.6  %  .  A 
comparison  based  on  the  25  km  shows  a  mean  error  of  9.6  % 
with  extreme  values  of  errors  are  substantially  larger  than  for  the 
50  km  grid  (42  %  and  24  %  respectively).  In  light  of  the  fact, 
that  this  particular  case  study  reflects  the  more  complicated 
summer  situation  with  potential  melt-freeze  on  top  of  the  ice, 
these  results  must  be  viewed  to  be  good. 


SSM/I  and  AVHRR  Ice  Concentrations 
for  July  25  1987  in  the  East  Greenland  Sea 


Fig.2  Comparison  of  AVHRR  and  SSMII  derived  ice 
concentrations  for  an  area  in  the  East  Greenland  Sea  (July  25, 
1987).  Solid  line  represents  the  line  of  perfect  agreement.  Dot  - 
Dashed  line  represents  a  linear  regression  of  AVHRR  on  SSM/I 
ice  concentrations. 
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Weather  effects 

Effects  clue  to  wind  or  intense  cloud  systems  can  substantially 
alter  the  brightness  temperatures  over  open  ocean  and  lead  to 
spurious  ice  concentrations  of  up  to  18  %  in  ice  free  areas  of  the 
East  Greenland  Sea  AVHRR  image.  The  weather  filter  derived 
by  Cnvniieri  and  Gloersen  (1984)  proved  ineffective  when 
applied  to  SSM/1  data.  Fig.  3  shows  a  scatterplot  of  gradient  vs 
polarization  ratios  for  manually  classified  ice  covered  areas  (any 
concentration)  and  areas  displaying  intensive  cloud  cover  due  to 
a  storni  system  moving  through  the  area.  The  clear  distinction 
between  the  cloud  and  ice  clusters  allows  the  filtering  of  weather 
contaminated  pixels  through  the  application  of  a  gradient 
threshold  at  0.05.  This  threshold  is  considerably  lower  than  the 
one  suggested  for  use  with  SMMR  data  and  reflects  the  greater 
proximity  of  the  19  GHz  channels  of  the  SSM/I  to  the  22  GHz 
water  absorption  band  in  contrast  to  the  18  GHz  channel  of  the 
SMMR.  Investigations  by  other  researches  support  this  fmding 
(Cavalieri  pers.  Comm) 


Polarization  and  Gradient  Ratios  for  lea  and  Cloud 
Covered  Areas  in  the  East  Greenland  Sea 


on  a  manual  interpretation  of  the  AVHRR  East  Greenland  Sea 
image 


DISCUSSION 

Mean  retrieval  accuracies  in  the  15  %  percent  range  seem 
reasonable  with  respect  to  the  low  resolution  and  qualify  this 
data  set  for  studies  concerned  with  large  scale  sea  ice  distribution 
eg.  hemispheric  ice  extent.  Yet,  for  more  regional  studies  scale 
investigation,  or  for  studies  requiring  the  detection  of  small 
changes  in  ice  concentrations  such  as  an  response  to  greenhouse 
warming,  a  higher  accuracy  is  desirable. 

A  analysis  of  the  error  sources  points  to  the  fact  that  the 
globally  derived  tie  points  are  responsible  for  a  substantial 
amount  of  the  error  in  some  of  the  case  studies.  They  ignore 
variations  of  surface  rougliness,  ice  salinity,  wave  action  and 
ocean  spray  as  well  as  atmospheric  water  content.  A  more 
detailed  analysis  of  this  problem,  as  well  as  a  method  for 
deriving  locally  adjusted  tie  points  is  presented  by  Steffen  a.id 
Schweiger  (These  Proceedings) 

In  addition,  there  is  always  a  t'me  difference  of  data 
acquisition  between  Landsat  and  SSM/I  satellites  which  accounts 
for  some  differences,  mainly  in  areas  of  low  ice  concentrations. 
In  the  Beaufort  Sea,  for  example,  the  time  lag  between  the  two 
satellites  was  6  hours. 

The  greater  accuracy  of  the  50  km  grid  ice  concentrations 
is  related  to  the  different  fields  of  view  of  the  19  and  37  GHz 
channels,  65>x43  km  and  37x28  km  respectively.  For  the  19  GHz 
channel  gridded  to  a  25  km  grid,  only  about  50  %  of  the  radiant 
energy  originate  from  the  surface  covered  by  that  particular  grid 
cell.  The  remaining  50  %  are  emitted  from  adjacent  surface  areas 


outside  the  cell.  In  regions,  of  large  brighmess  temperature 
contrast,  such  as  along  the  ice  edge,  this  can  lead  to  furious  ice 
concentrations  and  therefore  to  large  discrepancies  in  the 
comparison  with  high  resolution  sea  ice  products.  This 
hypothesis  is  supported  by  the  AVHRR-SS^  comparison 
which  shows  the  largest  discrepancies  in  ice  concentrations 
tiiong  the  ice  edge.  It  is  therefore  recommended  to  calailate  50 
km  brightness  temperature  averages  for  the  19  and  37  GHz 
channels  prior  to  the  calculation  of  ice  concentrations. 
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ABSTRACT 

The  sensitivity  of  passive  micrawave  sea  ice  concentration  algorithms  to  the 
selection  of  tie  points  was  analyzed.  Ice  concentrations  were  derived  with  the 
NASA  Team  ice  algorithm  for  global  tie  points  and  for  locally  and  seasonally 
adjusted  tie  points.  The  passive  microwave  ice  concentration  from  the  Spedid 
Sensor  Microwave  Imager  (SSM/1)  were  then  compared  to  Landsat  MSS  derived 
ice  concentrations.  Preliminary  results  show  a  mean  difference  of  SSM/I  and 
Landsat  derived  ice  concentratiom  for  SO  x  SO  km  grid  cells  of  2.7%  along  the 
ice  edge  of  the  Beaufort  Sea  during  fall  with  local  tie  points.  The  accuracy 
decreased  to  9.7%  when  global  tie  points  were  used.  During  freeze  up  in  the 
Beaufort  Sea,  with  grey  ice  and  nllas  as  dominant  ice  cover,  the  mean  difference 
was  4.3%  for  local  tie  points  and  13.9%  for  global  tie  points.  For  the  spring  Ice 
cover  in  the  Bering  Sea,  a  mean  difference  of  4.4%  for  loal  tie  points  a^  IS.7% 
for  global  tie  points  was  found.  This  large  difference  reveals  some  limltatioos  of 
the  NASA'Team  algorithm  under  freeze-up  and  spring  conditions  (thin  iw 
areas).  In  the  Weddell  Sea  of  the  Antarctica,  global  tie  points  perform  quite  well 
as  the  mean  difference  between  Landsat  and  SSM/1  derived  ice  concentrarions 
was  only  3.9%,  compared  to  2.1%  for  local  tie  points. 

This  analysis  in^cates  that  the  accuracy  of  ice  cotKentralion  calculation 
based  on  passive  microwave  data  could  be  greatly  improved  when  varying  sea 
ice  properties  are  accounted  for  by  the  selection  of  locally  and  seasoiuUy 
adjusted  tie  points. 


INTRODUCTION 

Long-term  monitoring  of  sea  ice  is  of  prime  interest  for  studies  of  global 
climate.  Polar  oceans  and  their  ice  cover  ate  mote  than  passive  indicators  of 
change  in  global  climate.  It  is  thus  of  great  importance  to  determine  the  accuracy 
with  which  sea  ice  parameters  such  as  ice  concentration  and  ice  extent  can  be 
monitored  with  todays  satellite  technology. 

On  June  19,  1987  the  Defense  Meteorological  Satellite  Program  (DMSP) 
liiunched  the  special  sensor  microwave  imager  (SSM/I).  The  SSMA  is  a  passive 
microwave  ra^ometer  which  provides  near  real-time  data  for  operational  use 
and  for  spedfic  research  topic  (e.g.  sea  ice).  This  work  is  part  of  the  NASA 
sponsored  sea  ice  validation  plan  for  the  DMSP  SSM/I.  The  objective  of  this 
validation  plan  Is  to  demonstrate  a  quantitative  relationship  between  the  SSM/I- 
derived  sea  ice  parameters  and  thoM  parameters  derived  from  other  data  sets 
including  visible  and  infiared  satellite  imagery,  aerial  photographic  and  high- 
resolution  microwave  imagery  from  aircraft.  The  general  question  to  be 
addressed  is  with  what  accuracy  (relative  to  these  other  observations)  can  we 
determine  the  following  sea  ice  parameters: 

(1)  po.siiiuii  of  iiie  sea  ice  uOulidary 

(2)  total  sea  ice  concentration 

(3)  multi-year  sea  ice  coocentralion 

This  paper  describes  the  sensitivity  of  passive  micrawave  sea  ice 
concentration  algorithms  to  the  selection  of  locally  and  seasonally  adjusted  tie 
points.  Landsat  MSS  images  were  used  for  the  validation  of  the  SSM/I  derived 
ice  concentrations.  The  technique  of  ice  concentration  retrieval  from  Landsat 
MSS  imagery  is  described  by  S^weiger  and  Steffen  (this  issue). 


ICE  ALGORITHM  AND  TIE  POINTS 

The  derivation  of  ice  concentretlnns  from  the  SSMA  data  was  carried  out 
using  the  algorithm  described  by  Cavalieri  et  al.  (1984),  witli  the  addition  of  the 
weather  niter  as  discussed  by  Oloetsen  and  Cavalieri  (1986). 

The  measured  brightness  temperatures  of  the  19  OHz  vertical  and  horizontal 
as  well  as  the  37  OHz  vertical  channels  ate  inteipreted  as  the  reflective 
contributions  of  open  ocean,  first-year  and  multi-year  ice. 

TB-TBw(l-Cf-Cm)+TBP*CF-aTBM*CM  (1) 

where; 

Tbw  w  Brightness  temperature  of  open  water 
Tbp  ■  Brightness  temperature  of  first-year  ice 
Tbm  w  Brightness  temperature  of  multi-year  ice 
Cf  w  Fust-year  ice  concentration 

Cm  w  Multi-year  ice  concentration 

The  respective  concentratinns  of  multi-  and  first-year  ice  can  thus  be 
expressed  as  a  function  of  the  polarization  and  gradient  ratios  and  constant  tie 
points  for  open  water,  1(X)  %  firM-year  and  100%  multi-year  ice. 


CM 

■  MO  +  MIPR  -r  M20R-I-  M3(PRXOR) 

(2) 

CF 

-  FO  -a  FIPR  -f  F2PR  -t-RfORKPR) 

(3) 

PR(0 

“  (TBv(f)-TBH(f))/(TBV(0+TBH(f) 

(4) 

OR 

-  (Tbv(37)-Tbv(19))/(Tbv(37)+Tbv(19) 

(5) 

where  Tbv  and  Tbh  are  the  observed  vertically  polarized  and  horizontally 
polarized  brightness  temperatures,  respectively,  and  (0  is  either  19  or  37  OHz; 
and  MO,  Mi,  M2,  M3,  FI,  F2,  P3  ate  constants  solely  dependent  of  the  tie 
points.  A  grapliical  depiction  of  the  algorithm  is  shown  in  Hgute  1  with 
polarization  and  gradient  values  plotted  for  the  Beaufort  Sea  area  (Sqrt.  17, 
1987,  first  case  study). 

Tre  points  Tgw,  Tbp,  and  Tbm  ate  radiances  chosen  as  typical  for  open 
ocean,  first-year  ice,  and  multi-year  ice  derived  from  a  global  data  set  as  a  mean 
over  one  year.  However,  brightness  temperatures  of  these  surfaces  ate  not 
constant  over  time  because  of  changes  in  ice  thickness,  melt/fteeze  cycles,  snow 
cover  variation,  ice  roughness  changes  and  drainage  of  brine  pockets.  There  are 
large  variations  in  Tbw  along  the  ice  edge,  and  in  open  and  very  open  pack  ice 
areas,  caused  by  various  effects  including  surface  toughnm,  foam  and 
atmofrberic  water  vapor  content  A  combination  of  these  tends  to  increase  the 
brightness  temperature  of  the  ocean  by  as  much  as  40  degree  K.  Hirther,  the 
physical  properties  of  ice  in  dlfierent  geographical  regions  can  be  diverse  (e.g. 
large  areas  of  pancake  Ice  are  common  In  the  Antarctica  whereas  in  the  Arctic 
this  id  type  is  erJy  found  in  the  msrgins!  ice  zone  atvl  in  polynyas),  Alto  Tsp 
ate  affect^  by  spatial  and  temporal  variations  in  physical  temperature  (Steffen 
and  Maslanik,  1988).  If  globally  chosen  tie  points  are  used  for  regional  ice 
concentration  calculation  arxl  multi-year  ice  frKtion,  the  variation  of  Tbw,  1'bf 
and  Tbm  over  time  and  space  ate  ignored. 

A  preliminary  set  of  global  tie  points  provided  by  the  SSMA  validation  team 
manager  (D.  Cavalieri)  was  used  to  calculate  ice  concentrations.  Local  tie  points 
were  derived  firom  selected  case  studies  using  the  following  procedure.  At  least 
ten  Z'x2S  km  grid  cells  of  open  water  were  averaged  near  the  ice  edge  over  one 
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tn  thite  days  and  used  as  water  tie  point  (Tg^).  The  same  method  was  applied  to 
select  first-year  lie  points  (Tbf)  and  multi-year  tie  points  (TsMKTable  1).  In 
order  to  locate  anas  of  fiist-year  ice  and  multi-year  ice,  some  knowledge  of 
local  Ice  type  distribution  Is  essential.  For  six  case  studies  the  ice  concentrations 
were  calculated  based  on  globally  cbo.sen  tie  points  and  on  locally  chosen  tie 
points.  The  values  were  then  compared  against  the  ice  concentrations  derived 
from  the  Landsat  MSS  data  (Table  2). 


RESULTS 

Beaufort  Sea 

Preliminary  results  show  a  mean  difference  of  SSM/I  and  Landsat  derived  ice 
concentrations  for  SOxSO  km  grid  cells  of  2.7  %  along  the  ice  edge  of  the 
Beaufort  Sea  during  fall  (Sept.  17,  1987)  with  local  tie  points.  The  difierence 
increases  to  9.7  %  with  global  tie  points  (IHg.  2).  Ice  concentrations  derived  with 
global  tie  points  were  S  %  or  more  higher  tlian  the  corresponding  ice 
concentrations  derived  with  local  tie  points. 

During  the  fieeze  up  in  tlie  Beaufort  Sea  (Nor.  10, 1987),  with  grey  ice  and 
nilas  as  dominant  ice  types,  the  mean  difference  for  the  SO  krn  grid  was  4.3  % 
for  local  tie  points,  and  13.9  %  for  global  tie  points  (Fig.  3).  Ice  concenlrations 
derived  with  global  tie  points  were  10  %  or  mote  lower  than  the  comsponding 
ice  concentrations  denved  with  local  lie  points. 

For  the  spring  ice  cover  in  the  Beaufort  Sea  (March  12,  1988)  the  mean 
difference  for  SO  km  grid  cells  in  Landsat  and  SSM/I  ice  concentrations  was  only 
0.8  %  with  the  locally  chosen  tie  points.  The  same  comparison  with  globally 
chosen  tie  points  showed  a  mean  diffeience  of  6.9  %  with  values  between  -4  % 
and -10  9!>  (Fig  4). 

The  last  case  study  for  the  Beaufort  Sea  (March  16, 1988)  showed  only  small 
differences  between  Landsat  and  passive  microwave  ice  concentrations  when 
local  tie  points  we’e  used,  whereas  ice  concenlrations  derived  with  global  tie 
points  were  more  than  10  %  lower  than  the  corresponding  Landsat  ice 
concenlratiorj  (Fig.  5). 

Bering  Sea 

For  (he  spring  ice  cover  in  the  Bering  Sea  (March  13,  1988),  a  mean 
difference  of  4.4  %  for  local  lie  points,  and  of  1S.7  %  for  global  tie  points  was 
found  for  SSM/I  and  Landsat  ice  concenlrations  (Fig.  6).  This  large  cUffeience  - 
even  with  locally  chosen  tie  points  -  reveals  some  limitations  of  the  NASA- 
Team  algorithm  under  freeze-up  condition.  Polarization  ratios  of  new  ice  and 
nilas  range  between  O.OS  and  0.2  for  19  OHz  (Steffen  and  Maslanik,  1988). 
Therefore,  the  NASA  Team  algorithm  underestimates  ice  concentratioos  when 
new  ice  and  nilas  are  covering  large  areas. 


Weddell  Sea 

In  the  Weddell  Sea  of  the  Antarctical  Nov.  29,  1987),  global  tie  points 
perform  quite  well  as  the  mean  diffeience  between  Landsat  and  SSM/I  derived 
ice  concentrations  was  only  3.9  %,  compared  to  2.1  %  for  local  tie  points 
(Rg.7). 


•  NASA  Team  algorithm  ♦  Beaufort  Sea  (Sept, 
with  global  tie  points  17,  1987) 


Fig.  I  Graphical  depiction  of  SSMIt  algorithm.  The  inside  of  the  tri,tngle 
describes  total  ice  concentrations  from  0  to  100  %  along  die  longer  sides 
of  the  triangle  and  multi-year  ice  fractions  along  the  shorter  side..  The 
comers  of  the  triangle  represent  tie  points  for  open  water,  %  first- 
year  ice,  and  100%  multi-year  ice  (After  Cavul’eri  and  OIrersen,  1986). 
The  crosses  give  the  polarisation  and  gradient  •atios  fj'  case  study  I 
(Beatrfort  Sea,  Sept.  17, 1987). 


Case 

Mean 

Sid  Dev 

Min 

Max 

« 

1 

2.7 

2.7 

0.2 

5.9 

9 

2 

4.3 

2.9 

1.6 

9.7 

6 

3 

0.8 

0.7 

0.1 

1.7 

7 

4 

1.5 

1.3 

0.2 

3.8 

12 

5 

4.6 

4.1 

0.0 

13.1 

14 

6 

2.1 

2.1 

0.0 

5.7 

7 

If  Number  of  grid  cells  (50x50  km) 


Table  2  Differences  between  Landsat  ice  concentration  and  SSMIl  ice 
concentration  based  on  tocaity  chosen  tie  points.  The  Min  and 
Max  represent  the  smallest  respectively  largest  difference  in 
ice  concenwatlon  for  an  individual  grid  cell.  Cases  1  to  4  are 
from  the  Beaiffort  Sea  corresponding  to  Figs.  2  to  5,  case  5  Is 
from  the  Bering  Sea  (Fig.6),  and  case  6  from  the  Weddell  Sea 
(Fig.  7). 


Channel 

NASA 

1 

2 

3 

4 

5 

6 

19V  OW 

176.3 

187 

185 

177 

182 

184 

177 

19V  FY 

252.4 

245 

252 

258 

254 

257 

266 

19V  MY 

221.8 

222 

222 

228 

218 

222 

222 

19HOW 

96.1 

120 

115 

100 

110 

102 

103 

19HFY 

244.8 

230 

232 

241 

238 

238 

254 

19HMY 

202.3 

202 

202 

2(M 

198 

202 

202 

37V  OW 

201.7 

209 

205 

200 

204 

204 

187 

37  V  FY 

243.6 

245 

250 

255 

250 

254 

261 

37V  MY 

183.5 

184 

184 

196 

188 

184 

184 

Tie  points  used  in  the  sensitivity  study  of  passive  microwave  sea  ice  concentration  algorithm  to  the 
selection  of  globally  (NASA)  and  locally  adjusted  values  (case  studies  1  to  6,  see  Figs.  2-7).  Tie  points 
are  given  In  degree  Kelvin  for  open  water  (OW),first-year  ice  (FY),  and  multi-year  ice  (MY),  and  for  the 
frequencies  19  GHt  vertical  and  horizontal  polarizations,  and  37  GHz  vertical  polarization. 


Table  1 


1C  Difference  SSM/I  tC  ^  1C  Difference  SSM/I  1C 


0  10  20  30  405060  70  6090  100  0  10  2030405060706090  100 

Landsat  Ice  Concentration  Landsot  Ice  Concentration 


0  10  20  30  40  90  92  94  96  96  IOC 

SSM/I  Ice  Concentration  SSM/1  Ice  Concentration 

Comparison  of  ice  concentration  (50  km  grid)  between  NASA-Team  Pig- 5  Same  then  Fig.  2  for  Beaufort  Sea  (Nov.  10, 1987). 

algorithm  using  local,  respectively  global  tie  points  versus  Landsat  values 
for  the  Beairfort  Sea  (Sept.  17,  1987),  Globally  chosen  lie  points  are 
called  NASA  tie  points  in  graph. 


0  10  20  30  40  50  60  70  60  90  100  0  10  20  30  40  50  60  70  60  90  100 


Landsat  Ice  Concentration  Landsat  Ice  Concentration 


1C  Difference  (%)  Landsat  -  SSM/I  1C  Difference  (%)  Landsat  -  SSM/I 


95  96  97  96  99  100  95  96  97  96  99  IOC 

SSM/I  Ice  Concentration  SSM/I  Ice  Concentration 

Fig.4  Same  then  Fig.  2  for  Beaufort  Sea  (March  12, 1983).  Pig. 5  SamethenPig.2forBeai^ortSea(Marchl6,1988). 


776 


1C  Difference  (%)  Landsot  -  SSM/I 


+ 

0  + 

■f 

+ 

0 

0 

cP 

+  + 

+ 

0 

0  0  0 

BO  85  90  9S  IOC 

SSM/I  Ice  Concentration 


Fig,  6  Same  then  Fig.  2  for  Bering  Sea  (.Varch  13. 1988). 


85  90  95  IOC 

SSM/I  Ice  Concentration 

Fig.  7  Same  then  Fig.  2  for  Weddell  Sea  (Nov.  29, 1987). 


lower  graph: 


Q  dif(NASA) 
+  dif(local) 


upper  graph: 
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CONCLUSION 

In  areas  with  higher  amounls  of  nilas  and  young  ice  we  found  (hat  the  SSM/I 
ice  concentration  algorithm  underestimates  ice  concentration  by  as  much  as 
1 1%.  This  was  observed  in  two  separate  Landsat-SSM/I  comparisoas  (Beaufort 
Sea;  Nov.  10, 1987,  and  March  13, 1988).  Due  to  the  higher  polarization  ratio  of 
nilas  (ice  types  which  are  less  then  0.1  m  in  thickness)  compared  to  white  ice  at 
19  OHz,  the  NASA  Team  algorithm  underestimates  ice  concentration 
considerably. 

It  appears  that  seasonal  and  regional  adjusted  he  points  will  improve  the 
overall  performance  of  the  SSM/I  sea  ice  concentration  algorithms,  at  least  in  the 
North  Polar  region.  Our  work  suggests  that  where  the  ice  has  a  higher  variation 
internal  characteristics  (e.g.  salinity)  that  the  global  tie  points  svill  cause  a  mean 
error  of  up  to  10%  in  the  ice  concentration.  Use  of  local  tie  points  dropped  the 
mean  error  to  3%  for  the  same  cases  studied.  In  the  South  Polar  regions,  where 
the  ice  cover  is  essentiall)  vne  year  in  age,  the  global  lie  points  offer  reasonable 
performance.  The  mean  err»  was  only  decreased  from  4%  for  global  to  2%  for 
local  tie  points. 
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Abstruci 

In  this  paper  we  report  on  tlie  utilization  of  texture  measures 
generated  from  Grey  Level  Co-occurrence  Matrix  (GLCM)  as  the 
basis  for  filte'.ing  Synthetic  Aperture  Radar  sea  ice  imagery.  Four 
measures  of  texture  were  genera'ed  and  then  processed  through  an 
adaptive  local  statistics  filter.  The  filtered  images  were  subsequently 
algebraically  summed  to  the  original  image  to  provide  a  viable  and 
interpretable  tonal  product.  Results  show  that  the  filtered  texture 
measure  "Contrast/Otiginal"  provides  good  noise  reduction  and  ice 
ridge  retention. 

Keywords:  Texture  measure,  Adaptive  filtering.  Synthetic  Aperture 
Radar,  Sea  ice. 


1.  Introduction 

Increasing  txtonomic  development  of  the  Canadian  Arctic  has  created 
demand  for  an  extended  shipping  season  and  therefore  improved  ice 
naviga''on  ability.  Utilization  of  real-time  Synthetic  Aperture  Radar 
(SAR)  imagery  permits  long  range  and  strategic  route  selection 
through  ice  covered  waters. 

SAR  imagery,  due  to  its  multiplicative  nature,  is  degraded  by 
random  field  speckle.  Because  speckle  obeys  a  negative  exponential 
behaviour,  the  noise  is  concentrated  in  the  same  tonal  regions  as 
physically  significant  pressured  ice  features,  such  as  ridges,  which 
are  characterised  by  bright  comer  reflected  and  Lambertian  returns. 
The  presence  of  speckle  may  introduce  distortions  in  feature 
moiphology  or  mask  the  feature  altogether. 


i  uv  wivj^u  lu  ivuuw  oyvrv/uv  wimw  iiiauiiuuiut^  uiv 

integrity  of  feature  morphology  have  focused  on  the  use  of  adaptive 
spectral  image  filters  based  on  local  statistic  transforms  [1-8].  Lee 
[5]  developed  a  series  of  filters  based  on  the  assumption  that  the 
mean  and  variance  of  a  sample  pixel  are  equal  to  the  local  mean  and 
variance  of  its  surrounding  neighbours.  The  premise  is  that  any 


pixel  values  within  the  defined  subarea  and  lying  outside  of  the  2- 
sigma  range  represent  either  noise  or  edge  detail.  A  gradient 
threshold  factor  was  employed  to  identify  the  presence  of  an  edge 
within  this  region. 

The  disadvantage  of  these  tllters  is  that  only  the  spectral  properties 
of  the  image  are  considered.  Therefore  the  next  logical  direction  for 
examining  image  filtering  is  the  utilization  of  image  texture.  There 
has  been  extensive  research  into  the  use  of  texture  in  remotely 
sensed  imagery  for  the  purpose  of  improving  ice  classification. 
However,  the  majority  of  these  studies  have  not  investigated  the 
application  of  texture  for  input  to  local  adaptive  filters.  In  this  paper 
we  report  on  the  use  of  local  texture  transforms  as  a  means  of 
filtering  SAR  sea  ice  imagery  for  the  purpose  of  both  image  noise 
reduction  and  pressure  ridge  detection  and  enhancement. 

2.  Study  Area 

The  study  area  in  the  North  Wellington  Channel,  lat.  76®  N/long.  98® 
W  imaged  Dec.  2,1986,  has  been  selected  on  the  basis  of  its  content 
of  definitive  ridges  and  large  areas  of  homogeneous  smooth  First- 
Year  Ice  (FYI).  The  imagery  is  Intera  STAR-1  X-band,  three  line 
averaged  and  azimuthally  resampled  to  IZttfl  resolution  provided 
through  the  co-operative  arrangement  with  Canarctic  Shipping 
Company  Ltd. 

The  sub  area  of  2S6x2S6  pixels  was  selected  from  the  test  scene  and 
reduced  to  32  grey  levels  to  facilitate  computation  [12].  Although  the 
use  of  the  small  image  size  may  preclude  some  coarser  textural 
vtuiuiluiis,  die  iiiia^c  euiiteut  is  conslucreu  to  bc  Sufficiently  varied 
for  this  evaluation. 


778 


3.  Texture  Filter 

The  texture  measures  used  were  based  on  the  Spatial  Grey  Level 
Co-occurrence  Dependence  Matrix  (GLCM)  developed  by  Haralick 
et  al  [9-10].  The  GLCM  is  based  on  the  assumption  that  the  average 
spatial  relationship  of  grey  tones  in  a  local  image  window  are 
contained  in  the  average  spatial  relationship  of  grey  tones  in  the 
image.  This  is  the  same  assumption  underlying  spectral  local 
adaptive  filters  [6].  Therefore,  texture  measures  derived  from  local 
texture  transforms  do  not  require  a  priori  knowledge  of  the  image 
model. 

The  GLCM  generated  was  based  on  the  estimation  of  second  order 
joint  conditional  probability  density  function,  where  P(i  jld6)  is  the 
probability  of  moving  from  grey  level  i  to  grey  level  J,  given  the 
polar  form  intersample  spacing  distance  d  (where  d  =  max[Ax,Ay]) 
and  angular  orientation  0  (where  0  =  arctan(Ax/Ay))  [10].  The 
orientations  selected  were  0°,  45°,  90°  and  135°,  where 
'l>(d,0)  =  ®i(d,0),  its  transpose  matrix  [11]. 


A  17x17  moving  window  was  applied  to  the  32  grey  level  image 
with  the  output  central  pixel  written  to  an  interim  image  which 
formed  'he  base  for  the  texture  filtering  operation. 

An  adaptive  3x3  moving  window  based  on  a  variation  of  the  Lee 
sigma  filter  [5]  was  applied  to  the  texture  image.  Pixels  with  values 
outside  of  the  2-sigina  range  were  excluded  from  further  processing. 
The  remaining  pixels,  if  satisfying  the  5  majority  rule,  were 
converged  to  create  the  new  output  pixel,  otherwise  the  new  output 
pixel  was  the  result  of  the  mean  window  value. 

In  order  to  compare  results  the  images  were  normalised  and 
stretched  to  256  grey  levels.  The  filtered  texture  images  on  their 
own  did  not  provide  a  suitable  display.  To  this  end  the  filtered 
texture  measure  images  were  algebraically  ratioed  to  the  original 
image  through  a  difference  over  sum  operation  1’  =  F(l)  -  F(2)/ 
F(l)  +  F(2)  where  F(l)  is  the  original  image  and  F(2)  is  the  filtered 
texture  image.  This  allowed  for  direct  comparison  and  ordinal 
ranking. 


The  four  orientations  were  averaged  to  provide  the  directional 
measure.  The  intersample  distance  (d)  was  set  to  1  in  accordance 
with  Haralicks'  findings  on  information  majority  content  [9]. 

GCLM's  were  generated  for  window  sizes  of  17x17  and  21x21. 


The  texture  measures  employed  were  based  on  a  qualitative  analysis 
of  the  contextual  information  of  the  images.  The  presence  of  large 
homogeneous  FYI  regions  and  distinct  pressure  ridges  lend  best  tc 
description  by  texture  measures  which  correspond  to  image 
homogeneity,  contrast  and  correlation.  Consequently,  the  texture 
measures  of  ‘Uniformity’,  'Contrast',  'Inverse  Difference  Moment' 
and  'Entropy'  were  selected . 


Uniformity  11 


Contrast 


T  Ti  '> 


1=1  j 


11 


1=1  j=i 


Inverse  Difference 
Moment 


Py  (i-jr 


11 


Entropy 


P..  log  P. 

IJ  6  IJ 


P.i '?  rjir?M  matrix  valni-  at  nnxitinn  fi.it, 
n  IS  the  number  of  pixel  pairs  in  the  image  at  (0,5), 
a;[  is  the  sample  standard  deviation  of  row  i, 

Oy  is  the  sample  standard  deviation  of  row  j, 

Px  is  the  sample  mean  of  row  i, 

Py  is  the  sample  mean  of  row  j. 


4.  Results  and  Discussion 

Preliminary  results  indicate  that  the  texture  filter  is  a  viable  tool  for 
image  noise  reduction  and  edge  retention  in  SAR  sea  ice  imagery. 
Qualitatively,  the  filtered  texture  images  clearly  reduced  the  noise  in 
the  homogeneous  FYI  and  retained  the  ridges  with  varying  degrees 
of  success  (figures  1-5).  The  Uniformity/Original  (UO)  image  lost 
all  low  order  ridges  while  distorting  the  areal  extent  of  the  higher 
order  ridges,  where  ridge  order  is  a  function  of  pixel  width  (ie.  the 
greater  the  width  the  higher  the  ridge  order).  The  FYI  became  very 
uniform  in  contrast  and  tone.  The  result  was  a  low  contrast  image 
with  sparse  detail  regarding  the  ice  content.  The  Contrast/Original 
(CO)  image  provided  greater  delineation  of  the  ridges  while  retaining 
some  natural  variation  in  the  FYI.  The  Inverse  Difference 
Moment/Original  (10)  image  maintained  ridge  integrity  and 
smoothed  the  FYI  while  retaining  some  natural  variation.  Ridges  in 
the  Entropy/Original  (EO)  image  were  reduced  in  tonal  value  and 
subsequently  suffered  in  ridge/FYI  ratio.  The  FYI  was  smoothed  to 
the  extent  of  natural  variation  removal. 

The  images  were  quantitatively  compared  through  image  contrast 
(p/a),  ridge  to  FYI  ratio,  and  ridge  integrity  (width)  retention 
measures.  The  latter  is  a  measure  of  ridge  pixel  difference  betv.'een 
the  original  and  filtered  ridges.  The  summary  statistics  are  presented 
in  Table  1^. 
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Figures  (1)  Original  image,  lat.  76®  N/long  98®  W,  Dec.  2,  1986, 
SAR  X-band  12m2  (2)  Uniformity/Original,  (3)  Contrast/Original, 
(4)  Inverse  Difference  Moment/Original,  and  (5)  Entropy/Original 
images. 

Table  1.  EvaluarionofTexture  filter  performance 


Jmags _ Contrast  (uygl  Ratio  Ridge  Retention 


Original 

0.5023 

1.276 

1,  5,6 

UO 

0.5128 

1.056 

0,  5,6 

CO 

0.5128 

1.215 

1.6,6 

K) 

0.5126 

1.351 

1,  6,7 

BO 

0.5128 

1.450 

0,7,8 

1  Based  OP  average  of  5  selected  test  sites. 


From  Table  1  it  can  be  seen  the  Conttast/Original  (CO)  image 
provides  the  best  overall  results.  The  ridge  integrity  was  largely 
maintained,  with  a  slight  spatial  extension  of  the  5  pixel  wide  ridge. 
The  ratio  of  ridge  to  FYI  most  closely  approximated  the  original 
image  and  provided  the  best  discrimination.  These  results  correlate 
with  the  qualitative  analysis  as  the  CO  visually  provided  the  best 
filtered  representation  of  the  original  image.  The  Inverse  Moment 
Difference  (10)  provided  the  next  best  filtered  image  both 
qualitatively  and  statistically.  The  Uniformity  (UO)  image  was  the 
poorest  performer  on  the  basis  of  all  parameters  tested. 

5.  Conclusions 

Our  analysis  has  shown  that  on  a  simple  ridge/FYI  image  the  texture 
filter  is  a  viable  tool  for  noise  reduction  and  ridge  retention.  From 
the  measures  tested  the  combination  of  algebraically  summed 
Contrast  and  original  image  provided  the  best  filtering  results  while 
the  Uniformity  and  original  image  combination  was  least  effective. 


Future  work  will  involve  the  the  use  of  other  textural  measures 
suited  to  more  heterogeneous  images.  As  this  study  was  limited  to 
the  use  of  a  single  window  size,  further  testing  will  be  conducted 
into  the  effect  of  window  size  and  image  content  retention.  As  well 
new  techniques  for  presenting  the  filtered  texture  images  will  be 
explored. 
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ABSTRACT 

Evaluation  of  aurface  currenta  ualng 
remote  aenalng  (Landaat  MSS)  of  free  drifting 
floea  and  a  dynamical  approach  lead  to  the 
recognition  of  two  modea  of  circulation  In 
aoutheaatern  Kudaon  Bay  In  the  aprlng  of  1985. 
Of  the  different  factora  that  can  generatea 
theae  two  modea,  the  wind  aeema  the  moat 
highly  related  to  the  obaerved  patterna.  The 
circulation  Induced  by  atrong  peraiatent  wlnda 
la  alao  ahown  to  aubalat  for  at  leaat  three 
daya  after  the  end  of  the  atorm. 

Keyworda:  Ice  drift.  Circulation,  Remote 
aenalng.  Wind 


1 .  INTRODUCTION 

Evaluating  surface  circulation  In  ice 
infested  areas  la  one  of  the  most  difficult 
tas)c  to  accomplish  in  physical  oceanography. 
Over  the  years,  the  use  of  the  Lagrangian 
approach  using  drifting  ice  floes  as  tracers 
of  the  water  movement  proved  much  helpfull  in 
the  determination  of  the  surface  circulation 
in  arctic  areas.  There  is  however  another 
force  that  influence  ice  drift  :  the  wind.  It 
has  been  showed  that  wind  is  the  main  driving 
force  over  time  scales  ranging  from  days  to 
months  (Thorndi)ce  and  Colony,  1982)  .  So  the 
drift  of  ice  for  these  time  scales  may  very 
well  be  more  representative  of  the  wind 
pattern  than  of  the  surface  circulation.  It 
does  not  however  mean  that  the  water 
circulation  is  negligible  for  ice  drift  but 
simply  that  it  may  be  concealed  and  more 
difficult  to  evaluate. 

It  has  recently  been  showed  that  the  use 
of  a  dynamical  approach  to  calculate  the 
surface  currents  underlaying  drifting  floes 
produces  better  results  than  measuring  ice 

/T  « 100Q\ 

is  thus  used  in  order  to  evaluate  the  spring 
circulation  pattern  in  southeastern  Hudson  Bay 
(Fig.  1),  an  area  where  many  winter  field 
surveys  were  done  over  the  last  7  years. 
These  data  should  help  complement  our 
understanding  of  the  general  circulation 
patterns  in  this  area  and  of  the  factors 
affecting  it. 


Fig.  1  Map  of  the  area  indicating  the  location 
(square)  of  the  ev...uaced  currents  on  fig.  2. 


2 .  METHODOLOGY 


The  methodology  used  is  quite  simple.  It 
is  based  on  the  free  drift  equation  relating 
the  three  main  forces  acting  on  ice  drift: 
wind,  current  and  Coriolis  force.  First,  ice 
drift  is  evaluated  relative  to  selected 
landmarks  using  sequential  satellite  pictures. 
These  data  are  then  input,  together  with  wind 
data  for  the  area,  in  a  software  that  model 
the  ice  drift  using  the  wind  and  an 
approximate  value  of  the  current.  The  current 
is  then  adjusted  until  the  difference  between 


^  m.  m  m  rrs 


meters.  The  result  is  a  good  approximation  of 
the  tldally  aver»!.ed  current  as  the  time 
between  the  satellite  pictures  (~24  h)  is  very 
close  to  the  diurnal  tidal  period  (24.8  h) . 

In  this  survey,  we  use  4  pairs  of  blaclc 
and  white  prints  of  Landaat  MSS-4  (near  IR) 
images  taken  in  the  spring  1985  between  the 
beginning  of  May  and  mid- June. 
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This  choice  of  satellite  is  mainly  made 
on  the  basis  of  the  better  ground  resolution 
of  Landsat  (80  m)  as  compare  to  NOAA  images 
(1/1  km)  thus  allowing  the  identification  of 
much  smaller  floes.  All  images  show  a  number 
of  free  drifting  floes  over  the  area  allowing 
us  to  evaluate  the  circulation  pattern. 
Positions  of  recognizable  features  on  the 
perimeter  of  the  floes  are  directly  digitize 
from  the  black  and  white  prints  at  a  scale  of 
1  :  1  000  000.  These  data  are  then  corrected 
for  scales  differences  between  the  images 
using  the  known  distance  between  the  visible 
landmarks  on  the  images. 

To  drive  the  model,  geostrophic  wind 
climatology  (GWC)  data  coming  from  the 
Atmospheric  Environment  Service  of  Canada  is 
use.  This  choice  of  wind  data  set  is  made 
because  of  their  better  correlation  with  winds 
evaluated  from  surface  pressure  maps  (Olson, 
1986)  for  this  particular  portion  of  Hudson 
Bay.  Directions  were  rotated  20“  to  the  right 
as  recommended  by  Swail  et  al.  (1984) . 

3 .  RXSULTS 

Figure  2  shows  the  resulting  currents 
evaluated  for  the  four  pairs  of  images .  We 
can  see  that  the  surface  circulation  pattern 
seems  variable  with  time  showing  two  principal 
modes .  In  the  first  two  weeks  of  May,  the 
first  mode  indicates  a  circulation  directed 
toward  the  SW.  The  inverse  situation  (mode  2) 
is  seen  in  early  June  when  water  is  flowing 
into  the  area.  The  last  image  pairs  taken  in 
mid-June  show  a  more  intricate  pattern  with 
water  flowing  SW  along  the  Belcher  Islands 
coast  and  indications  of  a  water  Inflow  in  the 
southern  portion  of  the  area.  This  suggest  an 
intermediate  situation  between  the  two 
principal  modes . 

Only  a  few  factors  can  influence  surface 
circulation.  These  are  the  wind  and 
atmospheric  pressure  systems,  the  low 
frequency  tidal  signal  and  influence  from 
other  water  bodies  (James  Bay)  .  We  will  now 
look  at  each  of  these  factors. 


MAY  4-5 

1 

' 

0.5  «  S-‘ 

Fig.  2.  Surface  circulation  evaluated  for  the 
four  pairs  of  images  (1  -  4) .  See  figure  1  for 
the  geographic  location. 
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■•^■1  Long  distance  Influence 

The  survey  area  is  located  to  the  east  of 
the  Hudson  Bay  -  James  Bay  junction  and  as 
such  may  be  influenced  by  processes 
originating  in  James  Bay.  The  biggest 
influence  from  James  Bay  at  this  time  of  year 
is  the  freshwater  pulse  coming  from  its 
numerous  rivers.  This  pulse  generates  a 
density  driven  coastal  current  that  propagates 
northwesterly  along  the  coast  until  it  mets 
with  the  cyclonic  circulation  of  Hudson  Bay 
(Prinsenberg,  1982a)  that  could  divert  it  into 
our  survey  area.  The  spring  swelling  in  James 
Bay  normally  takes  place  in  mid-April.  This 
is  7-8  weeks  before  the  first  sign  of  water 
input  into  our  area  is  seen.  Using  an  average 
current  speed  of  0.1  m  s“i  (Prinsenberg, 
1982b) ,  this  leads  to  a  travelling  distance  of 
430  km.  This  is  however  much  higher  than  the 
actual  distance  between  the  rivers  and  our 
area.  So  it  seems  unlikely  that  the  spring 
freswater  pulse  is  responsible  for  the  sharp 
change  of  circulation  pattern  seen  from  the 
satellite  imagery. 

3.2  Tidal  signal 

The  second  possible  cause  for  the  change 
in  circulation  pattern  is  the  low  frequency 
(neap-spring)  tidal  signal.  Tides  in  this 
area  are  relatively  small  (-1.6  m  in 
Kuu j juarapik) .  However,  as  the  water  depth  is 
relatively  shallow  (-100  m) ,  differences  in 
the  spring-neap  tides  could  be  reflected  in 
the  circulation  patterns.  Figure  3  show  the 
predicted  tidal  signal  in  Kuujjuarapik  over 
the  time  the  images  were  taken.  No 
correlation  exists  between  the  low  frequency 
tidal  signal  and  the  surface  circulation 
patterns  as  both  the  first  and  second  modes 
are  observed  close  to  spring  tides,  the  first 
mode  being  also  observed  close  to  a  neap  tide. 
This  factor  can  thus  also  be  neglected  as  the 
source  of  the  observed  variability. 

3.3  Wind  and  atmospheric  pressure  systems 

Atmospheric  pressure  systems  influence 
the  water  circulation  in  two  ways.  First, 
they  generate  the  wind  field  that  have  a 
direct  action  on  the  circulation  of  the 
surface  water.  They  also  have  an  indirect 
influence  on  circulation  by  generating  a  sea 
surface  tilt  that  in  turn  leads  to  a  current. 
This  current  is  however  much  smaller  than  the 
one  due  to  the  direct  wind  stress  on  the  sea 
surface  so  we  can  reasonably  neglect  it  in 
this  study. 

Direct  wind  action  is  thus  the  only 
remaining  force  that  can  possibly  explain  the 
different  circulation  patterns  observed  in 
this  study.  Sea  surface  presure  maps 
available  for  these  dates  (not  shown) 
Indicates  that  the  surface  stress  correlates 
very  well  both  in  amplitude  and  direction  with 
most  of  the  calculated  currents.  The  only 
exception  is  the  intermediate  circulation 
pattern  that  does  not  fit  completely  with  the 
observed  pressure  system.  A  look  at  the  wind 
record  prior  to  the  images  acquisition  show 
that  the  surface  circulation  seems  to  have 
reacted  in  less  than  a  day  to  the  changing 
wind  for  the  May  12  and  June  5  evaluations. 


The  difference  with  the  June  12  situation  wa.s 
the  duration  of  the  wind  stress  applied  on  the 
sea  surface.  Winds  in  Kuujjuarapik  have  been 
recorded  blowing  mainly  from  the  SW,  sometimes 
very  strong,  for  seven  days  ending  June  11. 
This  was  followed  by  a  period  of  relatively 
light  winds  from  the  north  until  the  satellite 
images  were  taken  two  and  three  days  later. 
On  the  other  hand,  the  duration  of  the  wind 
was  never  more  than  two  days  for  the  other  two 
evaluations.  Surface  water  circulation  in 
this  area  thus  seems  to  be  mainly  driven  by 
the  wind  even  over  short  periods  of  time. 
However,  the  effect  of  this  applied  stress  can 
be  felt  for  at  least  three  days  when  a  strong 
SW  impulse  is  given  to  the  system. 
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Fig.  3.  Predicted  tidal  signal  in  Kuujjuarapik 
for  the  spring  1985.  Numbers  refers  to  fig.  2. 


CONCLUSION 

The  use  of  a  dynamical  approach  proved 
helpfull  in  determining  the  surface 
circulation  pattern  and  its  driving  force  in 
southeastern  Hudson  Bay.  The  future 
avaibility  of  space  based  radars  will 
increased  the  utilization  potential  of  this 
method  as  images  will  become  available  with  a 
greater  time  resolution. 
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Abstract 

A  study  hcs  been  undertaken  to  determine  the 
extent  to  which  high  resolution  digital  data  can  be  used 
to  enhance  field  methods  for  vegetation  mapping.  Data 
from  155  vegetation  plots  at  Presqu'ile  Provincial  Park, 
Ontario  are  analyzed  using  TWINSPAN  cluster 
analysis  to  produce  several  hierarchical  ecological 
classification  schemes.  These  are  used  to  undertake 
supervised  classifications  of  MEIS  II  digital  data 
recorded  in  five  spectral  bands  with  a  5  m  x  5  m  spatial 
resolution.  Accuracy  assessments  show  a 
considerable  range  in  the  classification  accuracies  for 
different  plant  communities.  In  general,  the  more 
ecologically/spectrally  unique  the  class  is  and  the 
lower  the  species/spectral  variations  that  occur,  the 
higher  will  be  the  classification  accuracy. 

Keywords:  Accuracy  assessment,  MEIS,  Supervised 
classification,  TWINSPAN,  Vegetation  mapping 

Introduction 

The  general  capabilities  of  Landsat  MSS  and 
Landsat  TM  data  for  vegetation  mapping  are  well 
documented  in  the  literature  (e.g.,  Hopldns  et  al.,  1988; 
Talbot  and  Markon,  1988;  Craighead  et  al.,  1988).  The 
level  of  detail  that  this  imagery  provides,  however,  is 
relatively  low  compared  with  many  of  the  mapping 
needs  of  ecologists  and  foresters.  Detailed  vegetation 
mapping  usually  involves  an  ecological  approach 
where  information,  not  only  on  trees  but  also  on  shrubs 
and  herbaceous  cover  is  combined  into  one 
classification  scheme.  Using  ground  plots,  vegetation 
may  be  classified  either  subjectively  or  by  using 
standard  multivariate  analysis  techniques. 
Phytosociologists  have  tended  to  employ  multivariate 
statistical  classifications,  whereas  remote  sensing 
practioners  have  usually  used  subjective 
classifications.  Based  on  the  classification  scheme, 
of  t}i6  difT9r6iit  Hsbitsts  is  csrricd  cuty 
usually  in  the  field  with  the  aid  of  aerial  photographs. 

The  question  arises  as  to  what  extent  high 
resolution  digital  data  can  be  combined  with  detailed 
ground  information  to  improve  the  accuracies  and 
speed  of  vegetation  mapping  over  relatively  large 
areas.  This  report  forms  part  of  a  study  on  user  needs 
and  practices  in  vegetation  mapping.  In  this  paper, 
results  of  mapping  diverse  vegetation  from  high 


resolution  airborne  digital  data  acquired  by  the  MEIS 
II  system  are  presented. 

Study  Area 

The  study  area  is  Presqu'ile  Provincial  Park  on 
the  north  shore  of  Lake  Ontario.  The  park  is  located  on 
a  boot-shaped  tombola  peninsula  composed  of  dune 
ridges  which  encloses  the  sheltered  and  marshy 
Presqu'ile  Bay  (Figure  1).  The  range  of  landforms,  soil 
types  and  hydrologic  environments  produces  great 
vegetational  diversity  including  both  uplands  and 
wetlands.  Human  interference  here  has  resulted  in 
abrupt  spatial  changes  in  vegetation,  whereas  more 
gradual  and  subtle  changes  are  observed  in 
undisturbed  habitats. 

Data  Sources 

AizlxiinieData 

Airborne  digital  data  were  acquired  with-  the 
Multi-detector  Electro-optical  Imaging  Scanner  (MEIS 
II)  (McColl  et  al.,  1983).  The  data  were  recorded  on 
Jime  12,  1984  at  13:00  GMT,  from  a  flying  height  of 
approximately  6,100  m.  This  provided  data  with  a  pixel 
size  of  5  m  X  6  m. 

The  higher  the  spatial  resolution  of  the  data,  the 
less  ground  area  is  covered  by  each  swath  of  data.  The 
5  m  X  5  m  pixel  was  selected  to  provide  reasonable 
areal  coverage  at  a  relatively  high  spatial  resolution. 

In  terms  of  spectral  resolution,  the  "forestry"  set 
of  filters  was  selected  for  the  study  as  it  was  felt  that 
this  would  produce  maximum  differentiation  in  the 
vegetation.  Tlie  "forestry"  filter  set  consists  of  five 
narrow  (3  nm)  spectral  bands,  the  bands  being  centred 
at  487  nm  (blue),  577  nm  (green),  664  nm  (red),  769  nm 
(red/near  infrared  boimdary)  and  833  nm  (infrared). 

HddData 

Training  plots  and  verification  plots  were  selected 
to  be  broadly  representative  of  the  mqjor  cover  types. 
Vegetation  information  was  recorded  from  155  plots, 
each  measuring  10  m  x  20  m  and  which  were 
representative  of  neighbouring  vegetation.  The  long 
axes  of  the  plots  were  chosen  to  run  east-west,  parallel 
to  the  flight  lines.  In  each  plot,  tree  and  shrub  clump 
densities  and  herb  frequencies  were  recordrd. 
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Figure  1 .  A  black-and-white  photograph  showing  part 
of  the  Presqu'ile  study  area  displayed  on  a  colour 
monitor.  The  beach  ridges  and  sand  dunes  can  be  seen 
on  the  west  and  south  sides  of  the  figure.  To  the  north, 
a  series  of  vegetated  recurved  spits  enter  Presqu'ile 
Bay. 


Methodology 

Four  groups  of  studies  were  undertaken,  in  each 
case  a  different  classification  scheme  being  used.  The 
methodological  procedure,  however,  was  similar  for 
each  study  (Figure  2). 

TWINSPAN  Analysis 

The  phytosociological  vegetation  classification  was 
carried  out  using  TWINSPAN  cluster  analysis  (Hill, 
1979).  The  result  of  the  analysis  is  a  dichotomous  key 
which  provides  ecological  groupings  of  tree,  shrub  and 
herbaceous  covers  to  be  used  in  the  classification.  In 
tills  paper,  the  objective  TWINSPAN  results  were 
trimmed  subjectively  to  establish  appropriate  classes 
(Figure  3). 

In  develoning  the  classification  scheme  and  also 
when  selecting  the  training  plots  for  the  field  data,  the 
following  guidelines  were  established: 

•  In  establishing  the  classification,  only  classes 
from  a  similar  part  of  the  TWINSPAN  hierarchy  could 
be  merged. 


*  Classes  in  a  similar  part  of  the  hierarchy  but 
displaying  different  spectral  characteristics  in  their 
training  plot  statistics  were  not  merged. 

*  Minimum  training  area  size  was  50  pixels,  but 
larger  sample  sizes  were  preferred. 

Selection  of  IVaining  Plots 

Training  area  definition  was  performed  on  a 
false-colour  composite  generated  from  the  infrared, 
red  and  blue  bands  of  the  MEIS  data  which  was 
displayed  on  the  colour  monitor  of  a  Dipix  ARIES  III 
image  analysis  system.  From  the  155  training  plots, 
119  were  selected  for  the  training  of  the  classifier, 
while  the  rest  were  used  for  later  verification.  The 
detailed  ground  plots  measuring  10  m  x  20  m  were 
displayed  on  maps  of  the  study  area  and  written  site 
descriptions  of  their  locations  were  also  available.  The 
boundaries  of  the  ground  plots  were  transferred  to  the 
digital  image  visually.  They  were  enlarged  to  a 
minimum  size  of  16  m  x  15  m,  and  in  some  cases 
larger  in  order  to  accumulate  a  significant  number  of 
pixels  for  statistical  analysis.  However,  enlargement 
of  plots  was  only  performed  in  areas  where  the  make¬ 
up  of  the  site  was  homogeneous  and  matched  that  of 
the  actual  ground  plot. 

Classification 

Classification  was  carried  out  at  two  levels  of 
detail.  In  the  first  trial,  a  total  of  27  TWINSPAN 
classes  was  used,  while  in  the  second  case  these 
classes  were  recombined  to  give  a  total  of  20  classes.  In 
this  paper,  only  the  results  of  the  first  trial  are 
reported.  In  both  cases,  the  maximum-likelihood 
classifier  was  used  to  generate  the  results. 


Figure  2.  An  outline  of  the  methodological 
procedures  followed  In  this  study. 
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PIgure  3.  Classification  scheme  based  on 
TWINSPAN  Analysis. 


Submergent 

Marsh 


Accuracy  Assessment 

The  mapping  accuracy  was  examined  in  two 
stages.  First,  the  classification  accuracy  was 
determined.  This  assessment  describes  the  agreement 
between  the  actual  class  membership  for  the  pixels  in 
the  training  area  and  the  predicted  class  membership 
derived  through  the  maximum-likelihood 
classification.  Second,  the  interpretation  acctiracy  was 
determined  by  comparing  actual  class  membership  of 
the  test  area  pixels  (verification  plots)  to  the  predicted 
class  membership  arrived  at  by  the  maximum- 
likelihood  classifie". 

Classification  accuracy  is  usually  presented  as 
contingency  tables  or  classification  error  matrices.  In 
this  paper,  however,  space  permits  only  a  summary  of 
individual  class  accuracies  for  one  of  the 
classifications. 

Results 

The  subjective  classification  used  for  the  27 
classes  was  shown  in  Figure  3.  From  the  contingency 
table  derived  from  the  accuracy  assessment,  a 
summary  has  been  compiled  (Table  1).  As  can  be  seen, 
for  the  training  area  data  the  overall  classification 


accuracy  is  71%,  with  accuracies  for  individual  classes 
ranging  from  greater  95%  to  24%.  For  the  test  area 
data,  it  was  only  possible  to  identify  ground  plots  for  13 
of  the  classes,  (iverall  classification  accuracy  is  only 
40%. 


Diacuuion 

The  training  area  data  suggest  that  the  more 
homogeneous  and  the  more  spectrally  unique  the 
classes  are,  the  greater  the  classification  accuracy  is 
likely  to  be.  For  example,  there  is  good  differentiation 
of  the  wetland  classes  and  also  cobble  beach,  sand 
dunes,  parking  areas  and  roads.  Although  not  shown 
in  Table  1,  there  are  relatively  high  errors  of  omission 
and  commission  (averaging  about  40  -  50%)  in  both  the 
deciduous  classes  and  the  coniferous  classes,  a  similar 
result  to  Craighead  et  al.  (1988). 

Test  area  data  are  less  conclusive.  To  a  large 
extent  this  is  because  it  was  not  possible  to  identify  a 
full  range  of  verification  plots  and  in  other  cases  the 
number  of  plots  to  perform  the  tests  was  relatively 
small.  For  example,  in  the  training  area  data  the 
conifer  panne  class  had  an  accuracy  of  90%,  but  in  the 
test  area  the  figiire  is  0%.  This  is  because  ^e  training 
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Table  1  Classification  Results  Ranked  by  Order  of 
Accuracy  of  Training  Area  Results 


Class  Name 

Class  Accuracy  (%) 
Training  Area  Test  Area 

Cottonwood  Savanna 

96 

44 

Sand  Beach 

96 

• 

Scirpus  Validus  Marsh 

96 

- 

Submergent  Marsh 

92 

14 

Conifer  Panne 

90 

0 

Scirpus/Frogbit  Marsh 

89 

- 

White  Spruce/White  Pine 

84 

78 

Diy  Old  Field 

82 

28 

Carex  Marsh 

78 

66 

Red  Pine 

78 

82 

Mowed  Grass 

76 

30 

Cobble  Beach 

74 

• 

Beech/Hemlock 

73 

- 

Sand  Dune 

73 

- 

Trembling  Aspen 

73 

- 

Cattail  Marsh 

73 

4 

Parking  and  Roads 

71 

- 

Red 

70 

Red  Ash 

63 

43 

Sugar  Maple 

63 

5 

White  Birch 

69 

35 

Hemlock 

65 

24 

White  Cedar 

52 

Scots  Pine 

51 

White  Spruce 

48 

Beech/Hemlock/White  Birch  37 

Beech/Maple 

24 

area  data  did  not  effectively  sample  the  full  range  of 
spectral  variability  of  this  class  and  only  two  test  plots 
were  available  to  test  the  accuracy  of  the  classification. 

From  the  results  of  the  study  to  date,  it  is  observed 
that  the  Lest  accuracies  are  obtained  from  classes  that 
have  the  least  variation  in  their  surface  covers,  are  the 
most  homogeneous  in  terms  of  their  spectral 
appearance  at  a  5  m  x  5  m  spatial  resolution  and  are 
also  ecologically  unique.  Thus,  conifers  in  plantations 
are  identified  with  a  relatively  high  degree  of  accuracy, 
as  are  some  of  the  wetland  classes.  Difficulty  is 
encountered  in  mixed  forest  areas  for  two  interrelated 
reasons.  First,  there  is  a  continuous  variation  in 
species  composition,  stand  density  and  understorey 
composition,  and  in  turn  these  variations  cause 
differences  in  the  spectral  characteristics  recorded  on 
the  imagery. 


reflectance  of  plants  can  be  directly  matched  to  plant 
communities. 
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Conclusions 

From  the  results  of  the  study,  it  is  concluded  that; 

*  Classes  identified  with  the  highest  degree  of 
accuracy  are  those  where  the  ecological  class  contains 
a  relatively  small  number  of  species  and  where  the 
class  has  a  distinctive  spectral  appearance. 

*  The  less  spectral  variance  that  there  is  within  a 
class,  the  more  accurately  will  that  class  be  identified. 

*  Emphasis  needs  to  be  placed  on  developing  an 
eco-spectral  classification,  one  in  which  spectral 


787 


evaluation  of  classification  results  obtained  with  combined 

MULTITEMPORAL  OPTICAL  AND  MICROWAVE  DATA 


Alessandrii  Fiumara  Nazaarcno  Picrdicca 
TELESPAZIO  S.p.A 

Via  A.Bergamini  50  -  00159  Rome  -  Italy 


ABSTRACT 

The  integration  of  information  collected  by 
different  sensors  is  promising  for  discrimination 
between  vegetation  classes.  In  this  study  two 
data  sets  with  very  different  characteristics  are 
digitally  merged  and  a  single  data  set  containing 
both  information  types  is  generated.  The  two  data 
sets  are  airborne  SAR  and  LANDSAT  TM  data 
acquired  over  an  agricultural  region  of  Italy. 
Both  "per  pixel"  and  "per  field"  classifications 
arc  performed;  results  provided  by  LANDSAT  TM 
alone,  radar  alone  and  by  the  combined  data  set 
are  evaluated  and  compared. 


I.  INTRODUCTION 

Past  and  present  studies  reveal  the  agricultural 
classification  capabilities  of  optical  sensors, 
yet  these  are  limited  by  the  need  to  have  cloud- 
free  coverage  of  the  area  under  investigation.  A 
way  to  bypass  this  limitation  is  to  use  radar, 
which  is  weather  independent.  Recent  studies  show 
the  utility  of  SAR  for  crop  type  discrimination. 


Moreover, 

due 

(0  its 

sensitivity  to 

the 

dielectric 

and 

geometric  properties 

of 

vegetation. 

radar 

could 

improve  correct 

crop 

classification 

rales  as 

compared  to 

those 

obtained  with  optical  data  alone.  When  dealing 
with  SAR,  "per  field"  '  classification  is  to  be 

considered:  "per  pixel"  classification  of  SAR 

data  shows  poor  results  due  to  the  statistical 

properties  of  radar  images  (large  within  field 
variance)  (Ref.  I). 

In  this  work,  a  LANDSAT  TM  image  is  used  together 
with  two  airborne  X-band  SAR  images  to  classify  a 
typical  Italian  agricultural  region,  where 
extensive  ground  truth  is  available.  The  first 

step  of  this  work  is  to  digitally  merge 
information  collected  by  the  two  sensors  having 
different  characteristics  and  generate  a  data  set 
containing  information  from  both.  The  second  step 
is  to  evaluate  "per  lyxel"  and  "per  field" 
classification  accuracies  obtained  with  microwave 
data  alone,  optical  data  alone  and  with  the 
combination  of  both. 


2.  DATA  AND  TECHNIQUES 

2.1.  TEST  AREA  AND  AVAILABLE  DATA 

The  testsite  is  located  South  of  the  Po  river,  in 
Northern  Italy.  It  is  mainly  a  flat  agricultural 
area  showing  a  typical  Italian  complex  parcel 
structure;  many  of  the  agricultural  fields  are 

less  than  1  ha;  the  most  important  crops  are 
sugarbeet,  corn,  wheat  and  alfalfa. 

The  radar  data  used  in  this  experiment  are  the 
backscattering  coefficients  measured  during  the 
multitcmporal  airborne  AGRISAR’86  campaign,  by 
the  French  SAR  VARAN-S  (X-band,  HH  and  YV 
polarization),  over  an  area  of  100  Km**2  of  the 
testsite,  during  the  crop  growing  season  (Ref. 

2).  The  processed  products  are  1  look,  8  bits 
amplitude,  2,5  m  pixel  spacing  images.  Two 
acquisitions  are  selected  for  this  study:  June 
26th,  HH  polarization  and  July  17th,  VV 
polarization.  In  a  previous  analysis  (Ref.  3) 
over  the  complete  data  set  (four  acquisitions 
with  both  polarizations),  these  channels  were 
found  to  give  the  highest  discriminability 
between  agricultural  classes. 

For  the  optical  portion  of  this  study  a  LANDSAT 
Thematic  Mapper  scene  is  used,  acquired  over  the 
test  site,  under  cloud-free  conditions,  on  July 
15th.  The  spectral  bands  selected  in  this 

experiment  are  TM  channel  3  (0.624  -  0.693  uin),  4 
(0.776  -  0.905  urn)  and  5  (1.568  -  1.784  urn)  which 
are  sensitive  to  vegetation  parameters  (Ref.  4). 

The  available  data  set  also  includes  ground  truth 
data  necessary  for  the  identification  of  the 

training  fields  as  well  as  for  assessing  the 

results;  digital  maps  with  fields  boundaries  and 

crop  types  labels  are  available  for  forty  square 
areas  of  .025  ICm**2.  The  sample  areas  were 

selected  by  systematic  sampling  of  the  site  and 
ground  truth  collected  in  closest  temporal 

proximity  of  each  airborne  flight. 

There  are  no  significant  changes  in  the  observed 
agricultural  crops  between  end  of  June  and  mid- 
July”  At  mid-July  sugarbeet  and  corn  are  still 
growing  while  wheat  has  been  harvested  but 

stubble  is  left  drying  on  the  ground;  alfalfa  has 
a  short  phonological  cycle  therefore  it  shows 
different  growing  stages  at  the  same  date 
providing  high  variance  responses  to  microwave 
and  optical  observations. 
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2,2.  DATA  PREPARATION  FOR  ANALYSIS 

The  objcclivc  of  this  cxpcrinicnt  requires 
different  datn  processing  steps  before  final 
analysis  is  performed. 

As  far  as  SAR  images  are  concerned,  an  adaptive 
FIR  (Finite  Impulse  Response)  Gaussian  filler  is 
applied  in  order  to  reduce  within  field 
variations  and  preserve  fields  boundaries.  This 
involves  degradation  of  spatial  resolution  but 
■per  pixel"  classification  is  expected  to  give 
better  results.  Images  are  also  stretched  to 
enhance  contrast  and  make  visual  interpretation 
easier. 

An  important  step  in  combining  data  from 

different  sensors  is  the  geometric  registration 
of  the  images.  In  this  experiment  the  two  sets  of 
data,  with  the  extreme  difference  in  spatial 

resolulicn  (2.5m  for  SAR  images,  30m  for  TM),  are 
formatted  to  the  same  pixel  size,  that  is  7.5  m. 
SAR  images  are  subsampled  while  the  LANDSAT  TM 
scene,  previously  registered  to  a  topographic 
map,  is  digitally  expanded  by  a  factoi  of  four 
by  nearest  neighbour  resampling.  It  is  not  worth 
while  expanding  more:  many  fields  of  small  size 
do  not  appear  on  the  TM  scene.  The  pixel 
duplication  produces  a  blocky  image;  nevertheless 
this  method  is  chosen  because  it  does  not  alter 

the  radiometric  content  of  the  original  data. 

Once  the  images  are  of  the  same  pixel  size, 

ground  control  points  are  selected  and  SAR  images 
are  registered  to  the  TM  data.  Nevertheless  some 
geometric  errors  still  remain  and  affect  the  "per 
pixel"  classification  accuracy  as  evaluated  in 
tnis  experiment  and  described  in  the  following 

paragraph. 

The  different  information  are  then  digitally 

merged  by  "band  replacement";  a  five  band  image 
is  created  with  TM  band  3  ,  4  and  5  and  the  two 
radar  acquisitions.  To  reduce  the  computing  time 
and  the  amount  of  data  to  be  manipulated,  the 
sample  areas  are  extracted  from  the  entire  test 
area  and  a  mosaic  image  created  (28  sample  areas 
o'"  67*67  pixels  are  recognized,  the  other  ones 
lying  on  image  borders).  The  digitized  ground 

truth  maps  of  the  samples  areas  are  combined  as 
a  further  band  of  the  mosaic  image  (see  Figure 
1). 


2.3.  DATA  ANALYSIS  TECHNIQUES 

Both  supervised  and  unsupervised  "per  pixel" 
classification  are  applied  to  the  mosaic  data  set 
and  the  performance  assessed.  Several 
combinations  of  SAR  and  TM  classification  outputs 
are  also  attempted.  Classification  results  are 
usually  evaluated  with  testing  points  or  areas. 
In  this  experiment,  correct  classification  rates 
are  computed  on  a  "correct  classified"  image 
obtained  as  the  logicai  "and"  between  ihe  Output 
of  the  classification  algorithm  and  the  ground 
"uth  map. 


Substantial  improvement  in  classification 
accuracy  is  expected,  in  particular  for  the 

radar,  if  field  averages  rather  than  pixel  values 
are  used  in  the  classification.  The  improvement 
is  expected  to  be  smaller  for  LANDSAT.  Since  the 
development  of  image  segmentation  techniques  is 
not  the  aim  of  this  study,  the  ground  truth  map 
superimposed  on  the  five  band  image  is  used 
instead  of  the  result  of  a  segmentation  algorithm 
or  an  available  large  scale  map  to  select 
homogeneous  fields.  a  measure  of  class 

discriminability,  the  divergence  index  is 

computed  with  the  field  mean  values.  The 
divergence  is  a  measure  of  how  separable  two 
classes  are,  given  their  covariance  matrices  and 

mean  vectors  (Ref.  5).  It  is  is  computed  for  each 

class  pair  and  for  every  combination  of  bands  to 

identify  the  classes  with  poor  separability  as 
well  as  the  channels  useful  for  discriminating 

between  them.  A  classification  procedure  is  also 
carried  out  ever  the  same  set  of  fields  mean 
values;  for  every  channel  combination,  a 

discriminant  function  is  developed  for  the  data 

set  using  the  generalised  squared  distance  (Ref. 
6)  and  the  pooled  covariance  matrix;  the 
classification  criterion  is  applied  to  the  data 

and  the  confusion  matrices  generated  and  compared 
using  the  K.  coefficient  (Ref.  7).  The  estimate  of 

this  coefficient  and  its  variance  are  used  to 

evaluate  and  compare  (within  a  given  confidence 

interval)  the  classification  results.  Since  in 
this  experiment  the  same  data  are  used  for 

training  and  testing,  the  results  can  not  be 

considered  as  an  absolute  accuracy  index  but  as  a 
measure  of  relative  variations. 

Figure  I;  The  mosaic  data  set 


a:  SAR  July  17th,  VV  polarization 


b;  Digitised  ground  truth  map 
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3.  RESULTS  AND  DISCUSSION 

3.1.  'PER  PIXEL'  classification 

Training  data  statistics  are  extracted  for  31 
fields:  7  fields  of  :orn,  9  of  sugarbeet,  S  of 
alfalfa  and  10  of  wheat.  Then,  the  maximum 
likelihood  classifier  is  run  over  a  total  of 
97559  pixels.  The  correct  classification  rate 
obtained  with  SAR  multitemporal  data  set  alone  is 
poor  (54.37%).  The  classified  map  shows  high 
confusion  in  particular  between  pixels  of  alfalfa 
and  corn,  while  better  results  are  obtained  for 
sugarbeet  and  wheat. 

The  addition  of  optical  information  improves 
correct  classification  rate,  as  expected. 
However,  classification  techniques  applied  to  the 
five  band  image  are  always  affected  by  the  large 
within  field  variance  of  SAIt  data  and  produce 
comparable  accuracies. 

Different  combinations  of  classification  outpu's 
of  SAR  and  LANDSAT  are  tested  separately:  the 
best  classification  map  is  obtained  when  SAR  is 
used  to  classify  sugarbeet  and  LANDSAT  used  for 
the  other  crops.  The  resulting  correct 
classification  rate  is  67.67%  which  is  however 
comparable  to  the  use  of  TM  alone. 


3.2.  'PER  FIELD'  CLASSIFICATION 


confirmed  by  the  K  coefficient  estimates. 
KnAT  coemcient  and  confidence  intorva!  are 
presented  in  Figure  .I.  The  highest  value  of  KHAT 
IS  given  by  LANDSAT  TM  band  5  and  SAR  June  26th, 
HH  polarization  for  the  two  channel  case.  If  a 
interval  is  assumed,  the  results 
S'Sf'f'cantly  higher  than  those  of 
TM4+TM3  and  TM5+TM3.  When  three  channels  are 
considered,  multisensor  sets  have  to  be 
preferred;  in  particular  TM4+TM5+SI  shows  the 
best  KHAT  value,  although  the  difference  from  the 
others  is  not  significant. 


4.  CONCLUSIONS 

The  major  co.iclusions  of  this  study  are  the 
, '  significant  improvement  in 

classir,cation  accuracy  is  obtained  by  adding 
optical  information  to  X-SAR  data  if  the 
classification  is  performed  'per  pixel".  On  a 
field  basis,  the  results  reveal  that  the  two 
sensors  are  complementary  and  that  both 

information  have  to  be  combined  to  discriminate 
between  particular  classes.  No  more  than  two 
channels  (one  from  SAR  and  the  other  from 
Thematic  Mapper)  are  needed  to  achieve  acceptable 
classification  accuracy.  The  results  obtained  in 
this  study  are  related  to  cover  types,  geographic 
location  and  time  period  specified. 


Fields  averages  are  extracted  for  161  fields:  24 
fields  of  corn,  39  fields  of  sugarbeet,  SS  fields 
of  wheat  and  40  fields  of  alfalfa.  Boundaries 
recognition  is  done  by  means  of  the  digitised 
ground  truth  map. 

The  results  of  the  divergence  computation  for 
each  class  pair  are  listed  in  Table  >.  Class 
divergence  is  ranked  as  a  function  of  the  number 
of  channels  used.  The  channel  set  with  the 
highest  separability  index  is  selected  for  each 
class  pair. 

The  critical  class  pair  for  SAR  is  wheat-alfalfa: 
even  v.'ith  multi-date  SAR  channels,  the  divergence 
index  is  very  low  (4.97).  Optical  data  increase 
the  separability  between  these  two  classes; 
stubble  fields  and  vegetated  areas  appear  very 
different  on  a  LANDSAT  image.  The  divergence 
index  becomes  47.67  when  only  one  TM  band  is  used 
(TM  band  5). 

Optical  data  show  poor  capability  in 
discriminating  alfalfa  from  corn  and  from 
sugarbeet.  SAR  is  revealed  being  useful  for  the 
separability  of  such  classes:  an  improvement  of 
93.33%  of  the  divergence  index  between  alfalfa 


and  corn  is  obtained  when  SAR  June  26th  data  are 
added  to  TM  band  5.  For  the  class  pair  alfalfa/ 
sugarbeet,  the  use  of  SAR  image  June  26th 

improves  the  divergence  index  from  1.54,  obtained 
with  TM  band  3  or  9.27  obtained  with  TM  band  4, 
to  23.80.  The  results  obtained  with  radar  data 

alone  are  still  higher  (42.41)  than  the  results 

obtained  with  TM  even  when  two  optical  channels 
are  used  (the  maximum  value  is  18.39  with  TM4  and 
TM5). 


QS/»n*^«r*r»e>* 
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divergence  (see  ADiv%  in  Table  I)  are  generally 
observed  whith  two  multi-sensor  channels.  This 
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Figure  2:  Estimated  K  coefficient  as  a  function 
of  channel  combinations 
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ABSTRACT 

The  paper  outlines  some  collaborative  remote 
sensing  studies  underta)(en  by  the  CSIRO  Division 
of  Mathematics  and  Statistics.  The  studies  have 
been  concerned  with  the  mapping  of  pixels  Into 
various  land  cover  classes,  in  both  agricultural 
and  rangeland  settings.  The  problems  of 
assigning  pixels  to  one  or  other  of  a  number  of 
reference  classes,  such  as  crop,  pasture  and  bush 
In  agricultural  areas,  and/or  determining  the 
proportions  of  cover  types  within  a  pixel,  such 
as  bare  soil  and  shrub  in  rangelands,  are  contnon 
to  most  of  the  projects. 

The  agricultural  studies  have  focussed  on  mapping 
the  areas  sov.’n  to  crop  and  pasture;  delineating 
areas  affected  by  primary  and  secondary  salinity; 
Identifying  vegetation  classes  within  nature 
reserves;  and  detecting  areas  of  crop  affected  by 
waterlogging. 

The  statistical  and  collaborative  projects 
carried  out  by  the  group  have  resulted  in  the 
development  of  a  slmple-to-use  litage  processing 
system  loased  on  the  Commodore  Amiga;  the  paclcage 
is  now  available  ccnmercially. 

Keywords:  cover  class  mapping;  canonical  variate 
analysis;  classification. 

BACKGROUND 

In  1984,  the  CSIRO  Division  of  Mathematics  and 
Statistics  (EMS)  established  a  research  project 
on  the  Analysis  of  Remotely  Sensed  Data.  This 


was  in  response  to  EMS  collaboration  in  several 
agriculturally-based  remote  sensing  studies,  and 
the  perceived  need  to  carry  out  research  Into 
statistical  problems  arising  from  this 
collaboration. 

The  general  objectives  of  the  Remote  Sensing 
Project  have  been  to  assess,  develop  and 
Implement  methods  for  the  analysis  of  remotely 
sensed  data  and  to  collaborate  in  research 
projects  with  other  CSIRD  Divisions  and 
appropriate  (jovemment  and  Industry  groups. 

The  colla)x>ratlve  studies  have  generally  been 
concerned  with  the  mapping  of  pixels  into  various 
land  cover  classes,  in  lx>th  agricultural  and 
rangeland  settings.  Assigning  pixels  to  one  or 
other  of  a  number  of  reference  classes,  such  as 
crop,  pasture  and  bush  In  agricultural  problems, 
and/or  determining  the  proportions  of  cover  types 
within  a  pixel,  such  as  bare  soil  and  shrub  in 
rangeland  problems,  are  common  to  most  studies. 

The  major  agricultural  studies  have  focussed  on 
mapping  the  areas  sown  to  crop  and  pasture, 
delineating  areas  affected  by  primary  and 
secondary  salinity,  identifying  vegetation 
classes  within  nature  reserves,  and  more 
recently,  detecting  areas  of  crop  affected  by 
waterlogging.  The  various  studies  are 
Interrelated;  distinguishing  areas  sown  to  crop 
from  those  in  pasture  Is  necessary  before  the 
effect  of  waterlogging  can  be  evaluated. 
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CROP  ECRBCASTINS 

In  1981,  CMS  undertook  a  collaborative  project 
with  Cooperative  Bulk  Handling  (CBH),  the  local 
grain  handling  authority,  to  evaluate  the  role  of 
Landsat  multispectral  scanner  (MSS)  data  in  crop 
forecasting  in  the  vrfieatbelt  of  Western  Australia 
(WA) .  Interest  was  to  be  focussed  on  the 
evaluation  of  areas  sown  to  crop  and  on 
discrimination  between  crops. 

The  results  discussed  here  are  based  on  analyses 
of  multi-temporal  Landsat  MSS  data  for  the 
Corrigln  district  for  the  1981  growing  season 
(path  119;  row  82).  Seven  cloud-free  Images  were 
available  for  this  scene  between  June  and  early 
November. 

Initial  analyses  of  data  from  several  farms 
showed  good  spectral  separation  between  crop  and 
pasture.  For  exairplo,  analyses  of  data  from 
selected  .■'addocks  fran  one  property  showed  (oetter 
than  95%  accuracy  of  identification  of  wheat  and 
pasture  pixels  using  three  overpasses  in  July  and 
August.  However,  three-colour  displays  of 
selected  combinations  of  bands  (e.g.  of  band  7  - 
band  5)  for  these  overpasses,  and  related 
statistical  analyses,  indicated  that  the  criteria 
established  on  one  farm  could  not  )3e  used  with 
any  degree  of  confidence  to  identify  pixels  as 
crop  or  pasture  on  other  farms. 

The  traditional  approach,  in  Australia  and 
elsevAere,  has  been  to  use  selected  paddocks 
within  regions  of  the  order  of  5-10  )an  square  to 
establish  suitable  statistical  criteria  for  crop 
identification  and  then  carry  out  a 
classification  for  the  region.  Given  the 
difficulty  of  extrapolating  results  from  farm  to 
farm,  such  an  approach  would  not  be  successful  in 
the  WA  wheatbelt. 

How,  then,  could  Landsat  data  be  used  for  crop 
forecasting?  In  view  of  the  promising  separation 
between  crop  and  pasture  for  the  initia'i  fermo 
and  the  ready  identification  of  Individual  farms 
on  Landsat  MSS  imagery,  it  was  decided  to  see  if 
the  farm  itself  could  provide  the  basic  sampling 
unit. 


Farm  plans  giving  details  of  areas  sown  to  crop 
and  pasture  in  1981  were  obtained  for  twenty-four 
test  fanns  in  the  Corrigin  district.  Some  farm 
plans  were  extremely  comprehensive,  giving 
details  of  variety  of  crop  or  pasture,  date  of 
sowing  and  soil  type,  vdiile  others  simply 
indicated  whether  a  paddock  was  in  crop  or 
pasture.  To  enable  the  data  from  the  overpasses 
to  be  analyzed  together,  the  satellite  data  were 
registered  to  the  overpass  on  August  30,  using  a 
quadratic  polyncmlal  and  nearest-neighbour 
resampling. 

Training  areas  consisting  of  between  twenty  and 
one-hundred  or  so  pixels  vrfiich  were 
representative  of  a  single  cover  type  (e.g. 
spray-seeded  wheat,  conventionally-seeded  wheat, 
ungrazed  pasture,  heavily-grazed  pasture)  were 
selected. 


Canonical  variate  analyses  of  the  spectral 
signatures  for  the  Landsat  MSS  data  for  the 
various  farms  showed  a  broadly  similar  pattern  - 
training  areas  representing  bush  showed  a 
distinct  signature,  as  did  training  areas 
selected  from  bare/sallne  areas.  Since  the  dark 
bush  areas  and  the  bright  bare-to-saline  areas 
were  readily  distinguishable  both  visually  and 
statistically,  the  analyses  concentrated 
primarily -on  the  remaining  areas  of  the  farm. 


Canonical  variate  analysis  makes  no  assumptions 
as  to  vrtiether  a  training  area  within  a  paddock 
represents  crop  or  pasture;  the  analysis  simply 
treats  each  training  area  as  a  distinct  group  emd 
seeks  to  establish  the  degree  of  spectral 
similarity  or  difference  between  the  groups.  The 
paddock  labels  provided  by  the  farmer  are  added 
to  the  resulting  plots,  to  see  if  the  groupings 
established  by  the  statistical  analysis 
correspond  to  cover  classes  representing  crop  and 
pasture. 


In  general  there  was  consistent  separation 


representing  pasture  within  a  farm.  The  results 
frcm  this  nvore  detailed  evaluation  confirmed  the 
observation  that  the  results  from  one  farm  could 
not  necessarily  be  used  to  label  nlxels  on  other 
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farms.  For  approximately  half  the  study  farms, 
the  overall  spectral  separation  between  crop 
sites  and  pasture  sites  could  be  sutmarized  by  a 
siitple  spectral  index,  vrtiile  for  the  remaining 
farms  the  nature  of  the  spectral  separation 
changed  from  date  to  date . 

In  conclusion,  while  good  spectral  separation 
could  be  established  between  crop  sites  and 
pasture  sites  within  nearly  all  of  the  farms  in 
the  study,  the  variation  in  the  nature  of  the 
separation  from  farm  to  farm  makes  it  necessary 
to  extract  training  sites  and  carry  out  the 
analyses  separately  for  each  farm. 

MAPPING  ERXUND  SAUNITY 

The  wa  Department  of  Agriculture  and  CSIRO  have 
been  collaborating  on  a  project  to  examine  the 
feasibility  of  using  Landsat  MSS  data  to  Identify 
and  map  saline  areas  in  the  wheatbelt  of  Western 
Australia. 

The  analyses  reported  here  are  based  on  three 
satellite  overpasses  for  the  Moora  region  (8 
July,  31  August  and  23  September,  1981)  (path 
120;  row  81).  The  data  were  rectified  to  AM3 
coordinates  using  a  quadratic  polynomial 
relationship  and  nearest-neighbour  resampling  to 
a  pixel  size  of  56  m  x  79  m. 

Initially,  one  hundred  training  sites  covering 
the  range  of  spectral  variation  evident  in 
three-colour  displays  were  extracted.  A  plot  of 
the  site  means  for  the  first  few  canonical 
variates  was  then  used  to  define  segments 
containing  sites  with  similar  spectral 
variation.  One  or  two  sites  within  each  segment 
were  selected  as  reference  classes  in  a 
classification  procedure,  and  the  remaining  sites 
were  allocated  to  one  or  another  of  these 
reference  classes.  Those  training  sites  for 
vrtiich  most  of  the  pixels  were  atypical  were 
studied  more  closely  on  aerial  photographs, 
three-colour  displays  and  the  canonical  variate 
plots  and  further  reference  classes  were 
identified.  Several  iterations  of  this  approach 
resulted  in  twenty-three  reference  classes  being 
defined. 


The  classification  performance  was  then  examined 
in  the  context  of  regional  mapping.  Four  test 
sites  were  selected,  each  one  consisting  of 
regions  of  bush,  crop  and/or  pasture,  and  saline 
areas.  Corresponding  ground  information  was 
obtained  from  photo-interpretation  of  enlarged 
1:50000  aerial  photographs.  The  resulting 
)30undaries  were  captured  using  the  Intergraph 
Interactive  Graphics  and  Digitising  System. 
Polygons  were  formed  using  the  captured 
Ixiundarles,  each  polygon  having  a  linkage  to  a 
database  contalni.ig  attributes  for  the 
photo-interpretation  classification  code,  area 
and  perimeter.  A  grid  with  a  cell  size  of  59  m  x 
79  m  and  an  origin  corresponding  to  the  resampled 
Landsat  MSS  images  was  generated  for  each  of  the 
four  test  sites.  The  class  code  for  the 
predominant  class  was  then  assigned  to  each 
cell.  The  computer  classification  was  then 
ccnpared  with  these  ground  maps . 

Overall,  the  four  test  sites  contained  2416 
pixels  mapped  as  salt  from  the 
photo-interpretation.  Of  these,  1956  pixels 
(80%)  were  allocated  as  salt,  while  460  pixels 
(19%)  were  not.  A  further  224  pixels  (equal  to 
10%  of  those  mapped)  were  classified  as  salt  but 
were  not  laJselled  as  salt. 

The  spectral  allocation  of  boundary  pixels 
containing  a  mixture  of  classes  created  some 
confusion.  The  production  of  the  ground  maps 
also  suffered  from  the  same  difficulty,  since  the 
txiundary  position  is  critical  in  relation  to  the 
pixel  grid.  However,  dlsagreanents  of  this  kind 
showed  up  as  single  pixels  along  boundaries,  and 
so  could  be  acconmodated  in  any  summary. 

The  major  concern  was  with  blocks  of  pixels  Which 
were  wrongly  allocated.  Usually,  such  pixels 
were  also  atypical  (relative  to  the  current 
reference  classes),  indicating  the  need  for 
additional  reference  classes.  Inconsistencies 
between  the  labelling  of  the  ground  maps  for  the 
test  sites  and  the  labelling  of  the  original 
training  sites  also  caused  seme  difficulties 
since  the  selection  and  tentative  laJcelllng  of 
the  training  sites,  and  the  photo-interpretation 
of  the  test  sites,  were  carried  out  by  different 
people. 
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It  is  iitportant  to  note  that  these  results  were 
obtained  from  a  first  iteration  of  the 
classification  procedure  for  the  test  sites. 
Examination  of  the  classification  maps  has 
indicated  the  need  for  further  definition  and 
refinement  of  the  reference  classes  before  a 
large-scale  regional  mapping  is  undertaken. 

ICEMTIFICflTICN  OF  AREflS  OF  MOHOOGGING 

The  Remste  S,nslng  Project  (in  collaboration  with 
the  Vfi  Department  of  Agriculture)  has  been 
investigating  the  degree  to  vrt»ich  areas  of 
waterlogging  can  be  identified  from  multlspectral 
airborne  scanner  data. 

An  initial  evaluation  was  carried  out  using  data 
obtained  from  a  flight  of  the  GBOSCAN  scanner  on 
6  September  1986,  the  flight  path  being  chosen  to 
Include  several  test  farms  from  the  CSIRO-CBH 
Crop  Forecasting  Project.  (The  scanner  has 
three  spectral  bands  in  the  visible  region,  two 
in  the  near-infrared,  four  in  the  mid-infrared, 
and  three  thermal  lands.)  One  of  the  farms  was 
visited  subsequently  by  a  field  officer  from  the 
Department  of  Agriculture  and  areas  of 
waterlogging  were  recorded. 

Analyses  of  training  sites  from  var..ous  parts  of 
the  farm  showed  clear  separation  between  sites 
extracted  from  the  main  waterlogged  area  and 
those  representing  healthy  crop  and  pastiure.  An 
evaluation  of  the  contribution  of  the  various 
spectral  bands  showed  that  a  near-infrared  band 
(830-870  nm),  two  mid-infrared  bands 
(1980-2080  nm,  and  2300-2400  nm),  and  two  thermal 
lands  (8.50-9.00  Min,  and  9.70-10.20  Mm)  effected 
the  separation.  Waterlogged  sites  showed  higher 
responses  In  the  2350  nm  band  relative  to  the 
850  nm  and  2030  nm  bands,  and  in  the  9.95  mw  band 
relative  to  the  8.75  im\  band. 

A  classification  based  on  these  five  spectral 
bands  Identified  a  region  of  waterlogging 
consistent  with  that  recorded  on  t!ie  ground 
maps.  The  classification  procedure  was  also 
applied  to  three  smaller  areas  visited  by  the 
field  officer,  and  again  indicated  waterlogging 
in  regions  identified  on  the  ground. 


As  a  result  of  this  initial  investigation,  a  more 
detailed  study  was  undertaken  in  1987.  This 
latter  study  focussed  on  the  Upper  Great  Southern 
Region  of  Va.  The  test  sites  were  flown  on  July 
25,  v^lle  colour  aerial  photographs  were  obtained 
in  early  May  and  in  mid-September. 

The  findings  from  the  1987  study  were  similar  to 
those  for  the  1986  evaluation,  namely  that 
alrlxjme  scanner  data  could  be  used  to  nap 
waterlogged  crops,  and  that  the  spectral 
separation  was  effected  by  the  sane 
near-infrared,  mid-infrared  and  thermal  bands. 

VB3ECATICN  CIASSIFICATICN  IN  NATURE  RESERVES 

Landsat  MSS  data  have  been  used  to  provide 
information  on  broad  vegetation  classes  within 
nature  reserves  in  the  vrtieatbelt  of  Western 
Australia. 

The  analysis  was  carried  out  using  a  summer 
(December  1980)  and  winter  (August  1981)  Landsat 
MSS  overpass,  the  December  pass  being  registered 
to  the  August  pass  using  a  third-degree 
polynomial  with  20  ground  control  points.  A 
number  of  training  sites  (~43)  were  then 
selected,  each  one  chosen  to  lie  wholly  within 
napped  vegetation  units. 

An  overall  brightness  Index  separated  the  lighter 
vegetation  from  the  heath  and  shrubland  and 
woodland  and  mallee  sites,  wiille  a  vegetation 
Index  contrasting  the  visible  and  Infra-red  bands 
separated  the  woodland  and  mallee  sites  from 
heath  and  shrubland.  Examination  of  the 
Important  subsets  of  bands  showed  that  an 
analysis  based  on  a  single  date  gave 
substantially  poorer  separation  than  a  two-date 
analysis,  and  that  discrimination  based  on 
Landsat  liands  4,5  and  7  weighted  for  each 
overpass  was  adequate. 

Allocation  of  pixels  Into  classes  representing 
sparse  and  open  heath,  Casuarina  heath  and 
shrubland,  and  mallee  and  woodlaivi,  compared  well 
with  the  results  from  ground  and  photographic 
surveys . 
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ABSTRACT 

Agricultural  landcover  data  was  derived  from  Landsat 
TM  imagery  using  computer  assisted  image  analysis 
techniques.  This  data  contributed  to  an 
environmental  assessment  for  establishing  route 
locations  for  high  voltage  transmission  facilities 
in  southern  Ontario.  Using  images  from  two  stages 
of  the  growing  season  it  was  possible  to  reliably 
interpret  the  individual  cover  types  required  to 
compile  a  digital  agricultural  land  use  systems 
map.  This  method  provided  an  efficient  and  cost 
effective  alternative  to  manual  Interpretation 
methods  and  extensive  field  work.  These  results 
have  established  the  use  of  this  technology  for 
future  route  and  site  selection  projects. 

Key  Words;  Agriculture,  Landcover,  Landsat  TM, 
Hultidate,  Ontario  Hydro 


INTRODUCTION 


The  mapping  of  agricultural  crop  cover  data  is  an 
integral  part  of  the  environmental  Impact  assessment 
process  for  locating  electric  power  transmission 
facilities  at  Ontario  Hydro.  Historically,  this 
information  has  been  gathered  using  conventional 
aerial  photography.  Ministry  of  Agriculture 
inventories  and  field  observations.  Recently, 
computer  assisted  analysis  of  satellite  imagery  has 
been  able  to  provide  some  of  this  data. 
Agricultural  cover  types  mapped  in  digital  form  can 
be  used  directly  by  planners  involved  in  preparing 
impact  assessment  models. 

The  focus  of  this  project  was  to  interpret  crop 
types  and  other  vegetative  cover  for  a  study  area 
defined  by  a  proposed  bulk  power  transmission  route 
location  west  from  London  Ontario.  The  data  derived 
from  the  image  analysis  would  be  integrated  with 
other  land  use  information  to  identify  agricultural 
land  use  systems  for  an  environmental  impact 
constraint  man.  The  work  was  carried  out  in  the 
spring  of  1988  for  use  in  identifying  alternative 
route  locations  scheduled  for  the  summer  of  1988. 
From  previous  studies  (Pierce,  1987)  and  the 
literature  (Hixson  et  al,  1978;  Jackson,  1986)  it 
was  expected  that  the  method  proposed  would  oe 
suitable  and  cost  effective. 


METHOD 

The  approach  taken  for  this  project  was  based  on 
preliminary  work  carried  out  using  established 
computer  assisted  image  analysis  procedures. 
Discussion  with  staff  Involved  in  the  route 
selection  project  determined  the  set  of  landcover 
types  required.  Images  were  acquired,  processed  and 
the  results  were  checked  with  the  ground  truth 
data.  The  final  product  was  then  transferred  to  an 
in-house  Geographic  Information  System  (GIS)  and 
incorporated  in  the  planning  process. 

Study  Area 

The  area  under  study  extends  from  London  in  the 
northeast  to  a  western  boundary  formed  by  Sarnia, 
the  St.  Clair  river,  Lake  St.  Clair,  and  Windsor. 
The  southern  boundary  tuns  from  the  Detroit  River 
along  the  shore  of  Lake  Erie  encompassing  a  total 
area  of  approximately  11,000  sq.  kilometres.  The 
physiography  of  the  area  is  varied  with  major  units 
of  clay  plains,  sand  plains  and  till  plains.  Land 
use  is  dominated  by  agriculture  with  a  full  range  of 
intensities,  field  patterns  and  crops.  Forest 
vegetation  is  primarily  deciduous,  located  in  small 
scattered  woodlots  and  river  valleys. 

Data  Sources 

Landsat  5  Thematic  Mapper  (TM)  data  was  the  best 
available  source  of  digital  imagery.  The 
characteristics  of  TM  data  provide  sufficient 
resolution  to  separate  ,.iidividual  fields  which  can 
be  identified  on  the  ground  control  sources. 
Temporal  resolution  was  a  factor  in  the  selection  of 
appropriate  imagery.  It  was  necessary  to  identify 
the  period  in  the  growing  season  that  would  best 
represent  the  reflectance  values  for  the  crops  of 
interest.  It  was  determined  that  a  late  August  date 
would  provide  the  best  coverage  of  corn  and  soybean 
crops.  Specialty  crops  such  as  tomatoes  and  other 
canning  crops  would  require  a  midsummer  date  and 
winter  wheat  and  hay/pasture  would  require  an  early 
season  (spring)  image. 

Based  on  an  image  search  with  the  criteria  of 
minimal  cloud  cover  and  the  need  for  up-to-date 
information,  it  was  possible  to  locate  spring  and 
late  summer  images.  Unfortunately,  a  suitable 
midsummer  scene  could  not  be  obtained  and  the 
anility  to  identify  specialty  crops  was  therefore 
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limited*  Seven  band,  bulk,  full  scenes  were 
acquired  for  track  19,  frame  lO-flO,  for  April  23, 
1986  and  August  29,  1986, 

Detailed  ground  truth  was  required  for  the  image 
analysis  procedure.  Individual  field  crop  audit 
information  for  1986  was  provided  by  the  Ontario 
Ministry  of  Agriculture  and  Food  (OMAF),  This 
information  was  contained  in  random  blocks 
approximately  2000  ha  in  size  for  all  five  counties 
located  within  the  study  area.  Aerial  photography, 
aerial  video  surveys  and  Agricultural  Land  Use 
System  maps  (OMAF)  were  also  used  for  ground  truth. 

Image  Processing  and  Classification 

All  image  processing  was  carried  out  using  a  Dipix 
ARIES  III  image  analysis  system.  Raw  image  data  was 
resampled  to  conform  with  a  standard  UTM  geographic 
base.  The  spring  image  was  registered  to  the  summer 
image  in  order  to  merge  the  results  of  the  analysis 
from  both  dates.  The  resampled  image  was 
approximately  3200  lines  by  5200  pixels,  requiring 
18  megabytes  of  disk  space  per  file. 

Based  on  preliminary  examination  and  a  trial 
classification,  the  summer  image  appeared  to  have 
the  most  potential  for  identifying  the  majority  of 
the  land  cover  types.  However,  there  appeared  to  be 
regional  variations  in  crop  type  and  pattern.  These 
tended  to  correspond  with  natural  and  physiographic 
patterns  within  the  study  area.  In  order  to 
minimize  mlsclassification  of  crops  within  these 
variations,  the  summer  image  was  divided  into  two 
regions  based  on  observed  changes  and  known 
physiographic  features  (Chapman  and  Putnam,  1966). 
Thus,  two  sets  of  analyses  for  the  summer  image  were 
performed  and  the  results  from  the  two  regions  were 
combined  in  the  final  map. 

Standard  supervised  classification  procedures  were 
carried  out  using  the  ARIES  image  analysis 
software.  TH  bands  4,3  and  2  were  displayed  (RGB) 
to  perform  the  Interpretation  on  both  the  spring  and 
summer  Images.  Training  areas  were  created  from  the 
summer  image,  using  the  OMAF  crop  audit  data,  for 
corn,  soybean,  grains,  tobacco,  fallow  fields  and 
bare  soil,  and  deciduous  and  coniferous  forest. 
Signatures  were  generated  from  bands  1,2, 3,4, 5  of 
the  TM  data.  A  maximum  likelihood  classification 
was  performed  and  the  results  were  compared  with  the 
OMAF  information.  Forest  cover  was  compared  with 
Ministry  of  Natural  Resources  Forest  Resource 
Inventory  maps  and  aerial  photos. 

Initial  observations  indicated  that  the  first 
classification  produced  a  reasonable  representation 
of  the  required  cover  types.  Problems  encountered 
in  the  summer  scene  included  unclassified  areas, 
crop  inclusions  and  some  mlsclassification.  The 
training  areas  were  refined  so  that  mote 
representative  values  would  be  Included  in  the 
signatures.  Several  signatures  were  created  for 
grain  due  to  the  large  variation  in  the  appearance 
of  the  fields.  Each  signature  or  combination  of 
signatures  was  tested  for  the  amount  of  grain  field 
included  in  the  classification.  It  was  found  that 
two  signatures  for  this  covet  type  would  be 
adequate.  A  signature  was  also  added  for  areas  of 
urban  development.  Subsequent  iterations  of  the 
classification  were  performed  varying  the 
statistical  rejection  level  for  several  of  the 
classes. 


The  results  from  the  above  modifications  showed 
improvement  in  the  representation  of  the  covet 
types.  However,  due  to  the  high  standard  deviation 
values  for  the  urban  development  category,  this 
class  overlapped  with  a  number  of  the  other  cover 
types.  Consequently,  an  attempt  was  made  to  extract 
this  information  from  only  one  spectral  band.  Band 
3  of  the  summer  scene  provided  the  best  spectral 
separability  and  was  therefore  used  in  a 
parallelpiped  procedure  to  produce  the  urban 
development  theme. 

Training  sets  for  hay,  pasture  and  winter  grains 
were  developed  from  the  spring  image.  These  were 
easily  identified  due  to  the  lack  of  any  other  green 
vegetation  growing  at  this  time  of  year. 
Autocorrelation  of  the  three  signatures  derived  from 
the  spring  image  showed  that  hay,  pasture  and  winter 
wheat  were  spectrally  separable  using  this  date  of 
imagery.  A  maximum  likelihood  classification  (also 
based  on  bands  1  to  5)  was  performed  on  the  image. 

Pinal  versions  of  the  classifications  of  both  the 
spring  and  summer  images  were  selected.  The  two 
regions  of  the  summer  image  were  merged  and  the 
spring  and  summer  themes  were  combined  using  a 
'logical  operations*  task.  At  this  time  as  well,  a 
theme  for  water,  and  the  urban  development  cover 
type  were  included  to  complete  the  landcover  map. 
Some  minor  classification  errors  were  Interactively 
modified  using  a  manual  theme  generation  function. 
In  addition,  a  post  classification  filter  of  10 
pixels  was  used  to  eliminate  individual  and  small 
clusters  of  extraneous  themes  and  unclassified 
pixels. 


RESULTS 

The  product  of  this  process  included  two  theme  files 
with  a  total  of  nine  themes:  corn,  soybean,  grain, 
grasses  (hay  and  pasture),  tobacco,  deciduous 
forest,  coniferous  forest,  urban  development,  and 
water.  Haps  were  output  to  a  colour  plotter  for 
selected  areas  and  the  cover  types  were  checked  for 
accuracy  of  classification  us  .ng  the  original 
agricultural  audit  data  as  well  au  a  second  set  that 
was  not  used  to  develop  training  areas.  It  was 
observed  that  the  results  of  the  classification 
corresponded  well  with  the  agricultural  audit  data. 

Field  investigation  conducted  in  early  April  1988, 
confirmed  classification  results  for  areas  of 
permanent  pasture,  grasses  and  idle  land;  crops  that 
are  not  on  a  rotatlsnul  cycle;  and  physical  features 
such  as  drainage  and  topography  that  affected  the 
signatures.  It  was  also  possible  to  observe  the 
stage  of  growth  of  the  winter  grains  and  grasses 
relative  to  the  reflectance  characteristics  observed 
on  the  April  image. 

Unbiased  ground  control  information  (audit  data  not 
used  for  training  areas)  was  used  to  prepare  a 
simple  statistical  assessment  of  the  classification 
accuracy  (see  Table  1).  The  results  indicate  that 
most  of  the  individual  classes  have  an  accuracy 
greater  than  90%.  The  overall  performance  of  the 
classification  is  95.5%.  Anomolies  in  the 
classification  relate  to  confusion  or 
mlsclassification  with  grains,  grasses  and  urban 
development.  This  was  attributed  to  similarities  in 
the  spectral  characteristics  of  the  features  used  to 
define  the  signatures.  That  is,  in  almost  all  areas 
of  confusion,  'dry*  grass  type  characteristics  were 
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present!  either  in  the  form  of  recently  cut  hay  and 
grain  and  fallow  floldsi  or  In  open  fields  and  grass 
areas  adjacent  to  urban  areas,  idle  land,  road 
rights-of-way.  It  may  have  been  possible  to 
compensate  by  increasing  the  range  of  grass  cover 
types  in  the  spring  image.  However,  it  is  expected 
that  the  date  of  the  spring  image  may  have  been  too 
early  in  the  growing  season  to  record  t.he  optimum 
infrared  reflectance  of  the  pasture  lands. 

Anomolies  identified  in  some  of  the  other  cover 
types  can  be  attributed  to  the  growth  of  volunteer 
crops  in  rotational  fields,  and  local  variations  in 
topography  resulting  in  bare  patches  of  soil  due  to 
erosion  or  poor  drainage.  These  situations  were 
considered  to  be  minor  in  light  of  the  overall 
accuracy  and  the  final  application  of  the  data. 


APPLICATION 

The  product  of  this  project  was  a  map  of  specific 
crop  cover  types  for  a  large  geographic  area  of 
southwestern  Ontario.  The  purpose  for  preparing 
this  data  was  to  apply  this  data  to  an  impact 
prediction  model  used  to  assess  the  potential  Impact 
of  high  voltage  transmission  structures  on 
agricultural  land.  Since  this  data  was  derived  from 
imagery  acquired  two  years  prior  to  the  application 
date  it  was  apparent  that  there  would  be  differences 
in  the  actual  field  by  field  crop  cover  due  to  the 
practice  of  crop  rotation.  However,  assuming  that 
there  has  been  no  overall  change  in  farming 
practices,  the  fields  will  continue  to  be  in  a 
constant  state  of  rotation.  To  compensate  for  this, 
a  crop  "systems*  approach  was  taken  whereby  patterns 
are  Identified  according  to  predominant  crop  types. 

In  this  application  the  crop  cover  information  was 
transferred  to  the  CIS  and  combined  with  property 
boundary  data.  A  model  was  developed  that  would 
identify  specific  crops  in  each  farm  unit  and 
categorize  that  unit  according  to  an  "Agricultural 
Land  Use  System."  The  results  were  then  used  in 
conjunction  with  other  agricultural  data  to  develop 
an  overall  agricultural  constraint  map. 

The  forest  cover  data  was  used  to  update  and  verify 
other  forest  resources  data  that  was  applied  to 
wildlife  habitat  impact  prediction. 


CONCLUSION 

The  method  as  described  proved  to  be  a  suitable 
means  for  deriving  agricultural  landcover  data.  The 
use  of  multidate  imagery  demonstrated  significant 
value  for  specific  cover  type  separation.  As  well, 
the  availability  of  historical  ground  cover  data  was 
a  key  to  the  success  of  the  analysis.  Based  on  the 
application  of  the  results  of  this  project  it  is 
concluded  that  considerable  time  and  cost  has  been 
saved  over  the  use  of  conventional  methods.  The 
integration  of  digital  satellite  derived  data  with 
other  digital  data  in  a  CIS  therefore  has  been 
established  as  a  viable  and  cost  effective  method 
for  aspects  of  high  voltage  electrical  transmission 
route  and  site  selection. 
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TABLE  1 


Confusion  Matrix  for  Classification  Accuracy 


Known 

No.  of 

Percent 

Number  of 

Pixels 

Classified  into 

Category 

Pixels 

Correct 

1 

2 

3 

4 

5 

6 

7 

8 

9 

HiliSsi 

1  Corn 

18593 

94.6 

17592 

386 

331 

121 

0 

1 

166 

0 

0 

1 

2  Soybean 

30672 

95.1 

1178 

29159 

7 

319 

0 

0 

6 

0 

0 

3 

3  Grain 

8952 

93.5 

151 

224 

8372 

151 

0 

0 

2 

0 

0 

52 

4  Grass 

3728 

70.9 

80 

280 

665 

2643 

0 

0 

0 

0 

0 

60 

5  Tobacco 

1159 

90.3 

5 

2 

31 

0 

1047 

0 

3 

46 

0 

25 

6  Coniferous 

417 

98.8 

0 

0 

2 

0 

0 

412 

3 

0 

0 

0 

7  Deciduous 

4856 

96.0 

30 

104 

5 

3 

0 

15 

4663 

0 

0 

36 

8  Developed 

13049 

72.2 

25 

0 

2089 

17 

0 

0 

0 

9424 

25 

1469 

9  Water 

97533 

99.9 

1 

0 

4 

0 

0 

0 

0 

0 

97518 

10 

THE  USB  OF  MULTI-TEMPORAL  TM  TASSELBD  CAP  FEATURES  FOR 
LAND  USE  MAPPING  IN  EUROPEAN  MARGINAL  AREAS 
AN  OPERATIONAL  APPROACH 
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Abetiact 

JRC  lapra  ia  conducting  a  land  nae  inventory  and  mapping  experiment 
over  tie  Departement  Ardecle  (France),  wlicl  ii  oonndered 
repreaentative  for  the  ao-called  "Leaa-Favored  Areaa"  ’  within  the 
European  Communitiea. 

The  reaulta  of  a  uni-tcmporal  claadfication  of  Landaat-S  TM  data  have 
confirmed  that  the  apectral  information  from  aingle-date  imagery 
containa  a  high  level  of  apectral  confuaion  between  cover  typei.  It  waa 
expected  that  better  mapping  accuracy  can  be  achieved  with 
multi-temporal  approachea. 

Our  multi-temporal  data  aet  includea  four  TM  Kenet  from  the  year 
1984,  all  of  which  have  been  corrected  for  atmoapheric  abaorption, 
acattering  and  pixel  adjacency  effecta.  Geometric  regiatration  wu 
completed  with  aub-pixel  accuracy.  Time  aeriea  of  NDVI  and  Taaaeled 
Cap  featurea  for  important  cover  typea  were  analyzed  and  it  waa  found 
that  the  multi-temporal  vegetation  index  alone  doea  not  provide 
auffident  information  for  the  claaailication  in  complex  landacape  nnita  aa 
the  Ardeche.  Taaaeled  Cap  featurea,  however,  a«  conaidered  a  more 
efficient  compromiae  between  data  reduction  and  the  preaervation  of 
relevant  image  information.  They  are  eapecially  auited  for  unauperviaed 
approachea  aince  the  principle  of  thia  tmnaformation  ia  related  to 
phyaical  concepta  of  optical  remote  aenaing. 

Claaaificatiott  wu  performed  by  uaing  aimple  parametric  techniquea  anch 
u  minimum  eudidean  diatance  mapping.  It  ia  demonatrated  that  the 
multi-temporal  approach  leada  to  diatinctly  improved  reaulta  and  allowa 
detailed  ground  cover  mapping  even  in  atructurally  complex  landacapea. 

Key  Worda:  Mnlti-tempoml  TM  data,  atmoapheric  correctiona, 
geometric  regiatration,  NDVI,  Taaaeled  Cap  featurea,  euclidean  rttinimum 
diatance,  land  cover  mapping. 

1.  Introduction 

In  1984,  a  collaborative  project  between  JRC  and  the  atatiaticel 
aervice  of  the  French  Miniatry  of  Agriculture  (SCEES)  wu  initiated  in 
order  to  evaluate  the  auitability  of  TM  and  SPOT  data  for  agricultural 
Dstsnl  nisppisQ  is  Fsvcsnid 

Areu"  of  the  European  Communitiea.  The  atudy  region  ia  the 
Departement  Ardeche  in  the  aouth  of  France.  It  ia  a  mountainoua  area 
irith  a  large  variety  of  natural  vegetation  typea.  The  agricultural  land  ia 
mainly  characterized  by  ita  atrong  fragmentation  and  amall  parcel 
dimenaiona  (0.5  -  2  ha). 


In  a  firat  experiment,  only  one  TM  data  aoquiaition  from  5  July  1984 
had  been  ua^  to  claaaify  and  map  the  ground  cover  daaaea  of  intereat. 
An  acceptable  accuracy  wu  found  for  the  ^obal  inventory,  but  there 
were  ir.dicationa  of  bad  predaion  in  local  cover  mapping  (Hill  &  Megier, 
1988).  Multi-temporal  approachea  were  expected  to  provide  better 
accuracy  in  both  atatiatical  inventory  and  thematic  mapping,  but  they 
requite  reliable  geometric  and  radiometric  correctiona  of  the  aateUite 
data. 


2.  Data  aeta  and  atndy  region 

The  inventory  experiment  for  the  year  1984  naet  fotr  Landaat-5 
TM  Bcenea,  which  were  acquired  at  24  April  (P196  R29),  6  July  (P197 
R29),  30  July  (P196  R29)  and  31  Auguat  (P196  R29).  Digital  elevation 
data  are  available  which  cover  the  whole  adminiatntive  region  with  a 
ground  reaolution  of  250  x  250  m. 

For  this  cane  atudy,  a  teat  area  hu  been  aelected  for  which  an  almoat 
complete  coverage  with  aerial  photographa  ia  available.  It  includea  a 
complex  mixture  of  natural  vegetation  and  agricultural  cover  typea. 
Dedduoua  and  coniferoua  foreata  extend  over  varying  morphological 
unita;  low  wood—  and  ahrub  landa  are  mainly  found  within  the 
aub— mediterranean  "Gattigue"  and  abandoned  areu  of  agricultural 
terrace  cultivationa.  The  agricultural  land  includea  cereala  (mainly  winter 
wheat),  rape  need,  maize  and  aorghum,  aunOoweri,  alfalfa  and,  mainly 
withiu  the  Rhone  valley,  varioua  orchard  cultivationa. 


3.  Geometric  re^tration 

It  ia  evident  that  highly  predae  geometric  pre-proceaaing  ia 
required  in  order  to  fully  exploit  the  apatial  detail  of  multi— temporal 
aatelbte  imagery.  Landaat  TM  data  are  of  exceptionally  good  geometric 
quality  which,  in  level  temun,  allowa  geodetic  rectiCcationa  to  aub-pixd 
accuradea  by  udng  only  affine  tranaformationa. 

The  local  geometry  of  TM  acenea,  however,  can  be  conaderably 
by  boiizcstsl  displscsrsssts  cf  ^rcssd  fcstsivS  vTbicb  sr* 
due  to  terrain  elevation.  The  effect  ia  not  negligible  aince  terrain  featurea 
in  an  altitude  of  2,000  m  above  the  reference  ellipaoid  will  be  diaplaced 
by  about  9  pixela  at  each  end  of  a  TM  acan.  Hence  it  will  cauae 
miaregiatration  of  multi-temporal  overlaya,  eapedally  when  data  from 
different  TM  orbita  are  uaed  u  in  our  caae. 

Therefore  a  relief  correction  module  wu  integrated  into  the  geometric 
conection  acheme  which  combines  polynomial  transformations  and  the 
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slUtadc  infonn&tion  u  made  available  from  digital  elevation  data.  The 
method  giaranteea  anb-pixel  accatacy  and  provides  map  compatible 
geo-coding  of  TM  data  withont  local  distortions  (Kohl  tt  Hill,  1988). 
Since  snffident  accoracy  can  be  achieved  by  the  ose  of  commeidsUy 
available  elevation  data  of  low  spatial  lesolntion  (250x250  m  grid)  the 
collection  method  is  considered  operational. 

4.  Atmospheric  corrections 

Ideally,  a  ocmparison  of  several  scenes  would  only  show  changes  in  the 
intrinsic  properties  of  targets  and  be  invariant  to  other  effects.  Since  the 
sensor  measurement  results  from  the  interaction  of  several  factors,  the 
effects  of  surface  material  (reflectance  factors)  must  be  separated  from 
the  effects  of  topography,  illumination,  shadows,  viewing  directions  and 
atmospheric  path  phenomena. 

With  respect  to  the  low  resolution  of  the  elevation  data  (250  x  250  m), 
no  correction  of  topographic  effects  was  oonadered,  but  the  four 
Thematic  Mapper  scenes  used  throughout  the  experiment  have  been 
corrected  for  atmospheric  absorption,  scattering  and  pixel  adjacency 
effects  in  order  to  retrieve  the  target  reflectance  factors.  The  atmospheric 
correction  model  is  based  on  the  formulation  of  radiative  transfer  as 
developed  from  Tanre  et  al.  (1979,  1987); 


The  classification  of  multi-temporal  data  t'ts  involves 
techniques  for  spectral  feature  extraction  and  data  reduction.  Oteenness 
and  brightness  features  (vegetation  indices,  Tasseled  Cap  features)  have 
proven  their  suitability  to  emphasbe  important  object  characteristics  for 
crop  and  vegetation  monitoring,  and  they  do  provide  a  valuable 
reduction  of  data  dimensionality. 

A  green  leafs  chlorophyll  pigment  strongly  absorbs  sun  radiation  at 
wavdength  between  0.5  and  0.70  /rm  (visible  red)  and  the  reflectance 
factor  is  normally  below  0.1.  In  the  near-infrared  region  (0.76  -  1.35 
/rm),  multiple  scattering  o^.cuIs  due  to  the  leafs  internal  meaophyll 
structure  and  the  reflectance  tends  to  be  in  the  range  of  0.4  to  0.6.  This 
physiological  relationship  has  been  used  to  estimate  the  greenness  of 
plant  canopies  through  the  use  of  various  ntioe  (i.e.  simple  ratio  NIR/R, 
normalized  difference  (N1R-R)/(NIR+R)).  The  normalized  difference 
vegetation  index 

NDVl  V.:  {piai-PM)l{plai+PM)  (6'1) 

is  a  bounded  ratio  between  -1.0  and  +1.0.  Field  observations  indicate 
values  between  0.1  and  0.8,  which  is  confiimed  by  the  analysis  of 
atmospherically  corrected  TM  data. 


T(W)  Mli)  Pk  +‘e(/l)  </»l 

P*  =  to3{pat  + - }  (4.1) 

1  -  <p>  s 

where  p*  is  the  apparent  at-satellite  reflectance,  pt  the  target 
reflectance  factor,  <p>  the  background  contribution  to  the  apparent 
reflectance  and  s  is  the  spherical  albedo.  Pat  denotes  the  intrinric 
signal  component,  T(/ro)  the  total  downward,  td(/r)  the  diffuse  and  t((/r) 
the  scattered  upward  transmittance;  to3  gives  the  ozone  transmittance. 
The  aerosol  optical  thickness  ,  which  is  considered  the  key  parameter 
for  the  calculation  of  the  atmospheric  transmission  coefficients,  is 
strongly  varying  in  space  and  time.  Over  tenestrial  surfaces,  .it  must 
therefore  be  measured  or  directly  infened  from  suitable  scene  data.  In 
the  operational  approach  presented  here,  is  estimated  by  using  clear 
lakes  as  reference  target  as  proposed  by  Royer  et  al.  (1988). 
me  accuracy  or  rne  meinod  has  oeen  evaluaied  by  couipaii;>uii9  bctneea 
contemporary  radiometric  ground  measurements  and  atmospherically 
corrected  TM  data  from  the  years  1984,  1986  and  1988  (Hill  &  Sturm, 
1989).  A  comparison  of  pseudo-invariant  targets  indicates  also  in  this 
case,  that  the  method  provides  an  adequate  solution  for  operational,  i  e. 
Kene-btsed,  atmospheric  conections  (figure  1—2). 


The  Tasseled  Cap  transformation  of  Landsat  TM  data  is  a  linear 
transformation  of  the  form 
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with  the  coefficient  matrix  TC  ,  the  image  signature  vector  DN  and 
the  vector  F  with  the  resulting  features,  the  first  three  of  which  are 
known  as  brightness,  greenness  and  wetness.  Tasseled  Cap  transforms 
preserve  euclidean  rdationships  in  the  data  space  but  capture  typically 
95  %  or  more  of  the  total  variability  in  its  three  features  (Crist  &  Cicone 

xuc  tiuasivhukouvu  siiauisA  io  uvittcu  nstsA  sva^w*  ^MjrMiCusI 

scene  characteristics  and  is  invariant  to  the  spatial  structure  of 
individual  scenes.  It  is  therefore  posable  to  compare  quantitatively  the 
derived  features  from  different  scenes,  once  the  data  have  been 
normalized  for  external  effects  such  as  haze  level,  viewing  and 
illumination  geometry. 

The  converaon  of  the  atmospherically  corrected  TM  data  into 
brightness,  greenness  and  wetness  was  performed  by  using  a  coefficient 
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Multi-temporal  Vegetation  Index  (NDVI) 
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Figure  4: 

Multi -temporal  TC  Brightnees  &  Qreenneae 
Miiza,  Segment  #73/109  (Chomerac) 
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Figure  6: 

Multi-temporal  TC  Br.ghtneee  &  Qreennet 
Maize,  Segment  #73/109  (Chomerac) 
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matrix  which  haa  been  developed  for  reflectance  factor  data  (Crist, 
1985). 

In  agricnltnial  zones  with  a  limited  variety  of  crop  types,  good 
dassiCcstion  results  have  been  achieved  by  using  only  the 
multi-temporal  greenness  index  (Lo  et  al.,  1986).  There  is,  however,  a 
distinctly  different  amount  of  original  information  retained  in  the  NDVI 
and  Tasseled  Cap  features.  Greenness  profiles  as  obtained  from  the 
NDVI,  for  example,  indicate  an  almost  identical  development  of  three 
maize  fields  which  belong  to  different  ground  observation  segments 
(Ogure  3).  The  same  time  series  of  Tasseled  Cap  greenness  reveals 
already  a  pronounced  difference  between  the  crops  from  segment  73  and 
109,  which  apparently  is  related  to  the  observed  brightness  level 
(figure  4).  A  check  of  the  soil  map  showed  that  both  ground  observation 
segments  are  localized  on  different  soU  types.  It  is  seen,  that  this 
brightness  difference  deaeasea  with  the  progresong  canopy  closure  of  the 
maize  crops  (figure  5). 

This  gives  an  indication  that  the  amount  of  information  being  preserved 
in  the  greenness  feature  alone,  is  not  adequate  for  the  multi-temporal 
analj  'is  of  more  complex  spatial  entities  with  a  large  variety  of  natural 
vegetation  types  and  agricultural  aops.  We  use  consequently  all  three 
Tasseled  Cap  features  (brightness,  greenness  and  wetness)  for  the 
multi-temporal  classification,  which  still  gives  a  data  reduction  of  50  %. 

6  Multi-temporal  classification 

With  respect  to  the  relative  small  sampling  fraction  and  some 
additional  problems  being  related  to  the  available  ground  observations 
(Hill  &  Meper,  1988),  it  was  decided  to  pursue  an  unsupervised 
classification  approach. 

6.1  Image  sampling  and  clustering 

The  unsuperrised  approach  first  involves  the  selection  of  candidate  pixels 
from  the  12-channel  data  set  (brightness,  greenness  and  wetness  from  4 
dates).  This  was  initiated  by  using  the  multi-temporal  NDVI  for 
stratifying  the  test  scene  into  permanently  unvegetated  (bare  soil,  water, 
urban  etc.),  permanently  v^etated  (forests,  shnblands,  permanent 
grassland)  and  areas  of  dynamically  chan^ng  vegetation  (agricultural 


aops).  Multi-temporal  spectral  signatures  were  extracted  according  to 
these  stratification  masb,  where  the  sampling  density  could  be  adapted 
to  the  spatial  extension  and  complexity  of  ea^  stratum.  Then  euclidean 
distance-based  disjoint  cluster  analyris  of  the  spectral  apature  samples 
was  employed  to  find  local  density  maxima  of  the  spectral  poupinp. 

It  is  difficult  to  apply  this  technique  in  sin^e-date  image  analysis.  In 
the  multi-temporal  case,  however,  the  thematic  identification  of  dnstera 
is  peatly  facilitated  by  the  construction  of  temporal  peenness  proClea 
(fipte  4).  The  examination  of  these  profiles  can  be  based  on  the 
bowledge  about  the  local  crop  calendar  and  general  characteristica  of 
spectral  responses  (Lo  et  al.  1986).  It  is  evident  that  reliable  atmospheric 
corrections  of  the  multi-temporal  data  have  a  great  importance  for  this 
identification  process. 

Due  to  the  complexity  of  the  study  region  a  high  number  of  spectral 
classes  is  required  to  achieve  optimal  classifications.  In  the  case  study 
presented  here,  totally  54  sub-classes  were  mapped  to  the  imap 
domain,  which  were  finally  condensed  to  the  12  thematic  classes  of 
interest. 

6.2  Spectral  class  mapping 

It  was  on  the  basis  of  the  minimum  euclidean  distance  that  all 
pixels  of  the  multi-temporal  data  set  were  assigned  to  the  land  cover 
categories  of  importance.  In  this  case,  the  distance  d  between  a  dass 
center  c;  and  a  pixel  p  is  given  by 

and  p  will  be  assigned  to  the  class  cj  if  dj  <  dj  for  all  i  ^  j,  and 
dj  <  r,  otherwise  p  will  be  assigned  to  the  rejection  dass  Cf.  The 
reject  distance  r  is  defined  for  each  dass  according  to  its  individual 
variance.  This  method  was  primarily  chosen  because  of  the  high  number 
of  spectral  classes.  But  it  was  assumed  that,  conddering  the  increased 
discrimination  potential  of  the  multi-temporal  data,  such  a  simple 
distance  measure  would  be  adquate  for  suaeseful  dass  mapping. 
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matrix  which  haa  been  developed  for  reflectance  (actor  data  (Criat, 
1985). 

In  agricnllnral  zones  with  a  limited  variety  of  crop  types,  good 
classification  resnlts  have  been  achieved  by  nsing  only  the 
mnlti-temporal  greenness  index  (Lo  et  al.,  1986).  There  is,  however,  a 
distinctly  different  amonnt  of  original  information  retained  in  the  NDVf 
and  Tasseled  Cap  featnres.  Greenness  profiles  as  obtained  from  the 
NDVI,  for  example,  indicate  an  almost  identical  development  of  three 
maize  fields  which  belong  to  different  gronnd  observation  segments 
(Cgare  3).  The  same  time  series  of  Tasseled  Cap  greenness  reveals 
already  a  pronounced  difference  between  the  crops  flom  segment  73  and 
109,  which  apparently  is  related  to  the  obwrved  brightness  levd 
(figure  4).  A  check  of  the  soil  map  showed  that  both  ground  observation 
segments  are  localized  on  different  soil  types.  It  is  seen,  that  this 
brightness  difference  deaeases  with  the  progresong  canopy  closure  of  the 
maize  crops  (figure  5). 

This  gives  an  indication  that  the  amonnt  of  information  being  preserved 
in  the  greenness  feature  alone,  is  not  adequate  for  the  multi-temporal 
anal;  'is  of  more  complex  spatial  entities  with  a  large  variety  of  natural 
vegetation  types  and  agricultural  crops.  We  use  consequently  all  three 
Tasseled  Cap  features  (brightness,  greennem  and  wetness)  for  the 
multi-temporal  classification,  which  still  gives  a  data  reduction  of  50  %. 

6  Multi-temporal  classification 

With  respect  to  the  relative  small  sampling  fraction  and  some 
additional  problems  being  related  to  the  available  ground  observations 
(Hill  L  Megier,  1988),  it  was  decided  to  pursue  an  nnsupervised 
classification  approach. 

6.1  Image  sampling  and  clustering 

The  unsupervised  approach  first  involves  the  selection  of  candidate  pixels 
from  the  12-channel  data  set  (brightness,  greenness  and  wetness  from  4 
dates).  This  was  initiated  by  nsing  the  multi-temporal  NDVI  for 
stratifying  the  test  scene  into  permanently  unvegetated  (bare  soil,  water, 
urban  etc.),  permanently  vegetated  (forests,  shrublands,  permanent 
grassland)  and  areas  of  dynamically  changing  vegetation  (agricultural 


aops).  Mnlti-temporal  spectral  signatures  were  extracted  according  to 
these  stratification  masks,  where  the  sampling  denrity  could  be  adapted 
to  the  spatial  extension  and  complexity  of  each  stratnm.  Then  euclidean 
distance-based  disjoint  duster  analysis  of  the  spectral  signature  samples 
was  employed  to  find  local  density  maxima  of  the  spectral  groupings. 

It  is  difficult  to  apply  this  technique  in  single-date  image  analysis.  In 
the  multi-temporal  case,  however,  the  thematic  identification  of  dnsters 
is  greatly  facilitated  by  the  construction  of  temporal  greenness  profiles 
(figure  4).  The  examination  of  these  profiles  can  be  based  on  the 
knowledge  about  the  local  crop  calendar  and  general  characteristics  of 
spectral  responses  (Lo  et  al.  1986).  It  is  evident  that  reliable  atmospheric 
corrections  of  the  mnlti-temporal  data  have  a  great  importance  for  this 
identification  process. 

Due  to  the  complexity  of  the  study  region  a  high  number  of  spectral 
daases  is  required  to  achieve  optimal  dassifications.  In  the  case  study 
presented  here,  totally  64  sub-dasses  were  mapped  to  the  image 
domain,  which  were  finally  condensed  to  the  12  thematic  dasses  of 
interest. 

6.2  Spectral  dass  mapping 

It  was  on  the  basis  of  the  minimum  euclidean  distance  that  all 
pixels  of  the  multi-temporal  data  set  were  assigned  to  the  land  cover 
categories  of  importance.  In  this  case,  the  distance  d  between  a  dass 
center  cj  and  a  pixel  p  is  given  by 


and  p  will  be  assiped  to  the  class  cj  if  dj  <  dj  for  all  i  ^  j,  and 
dj  <  r,  otherwise  p  will  be  assiped  to  the  rejection  dass  Cr.  The 
reject  distance  r  is  defined  for  each  dass  according  to  its  individual 
variance.  This  method  was  primarily  chosen  because  of  the  high  number 
of  spectral  classes.  But  it  was  assumed  that,  considering  the  increased 
discrimination  potential  of  the  mnlti-temporal  data,  such  a  simple 
distance  measure  would  be  adequate  for  successful  dass  mapping. 
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C.3  Clittification  tesnits 

The  main  acope  of  thia  case  atady  ia  as  aaaeaamest  of  the  local 
mapping  accstacy  with  msUi-tempotal  data.  Oai  preliminary 
evalsation,  however,  had  to  be  restricted  to  an  analysis  of  the  6  gtonnd 
observation  segments  within  onr  test  scene  which  inchde  mainly 
agricultural  cover  types  (table  1  and  2).  Given  these  restrictions,  it  can 
be  stated  that  the  multi-temporal  approach  gives  highly  satisfactory 
results.  The  overall  accuracy  is  76.1  %,  which  is  the  summation  of  of  the 
accuracy  of  each  class  weighted  by  the  number  of  pixels  occurring  in 
each  class  (table  1).  Classification  errors  ate  mostly  related  to  the  forest 
and  shrubland  classes,  which  is  explained  by  the  small  extension  of  the 
respective  areas  within  the  agricultural  land,  and  the  inseparability  of 
temporal  signatures  from  very  similar  cover  types. 

Table  1.  Error  matrix  comparing  ground  reference  (seg  50,  51,  73, 
109, 110)  and  unsupervised  multi-temporal  classification 


overestimated  in  areas  of  cast  shadow,  but  the  mapping  seems  to  be 
more  predse  than  in  the  case  of  dngle-date  analysis.  It  is  believed  that, 
in  monntiunous  terrain,  distinct  improvements  will  be  only  achieved  by 
applying  modelistic  conections  of  terrain  illumination  prior  to  the 
classification. 

7.  Condnsions 

An  operational  approach  to  multi-temporal  analysis  is  been 
presented  wUch  indudes  adequate  methods  for  geometric  and 
radiometric  pre-procesaing  of  multi-temporal  data  sets. 

Tasseled  Cap  features  were  found  to  provide  a  valuable  reduction  of  the 
data  volume  while  maintaining  most  of  the  rdevant  spectral  information. 
The  multi-temporal  NDVI  could  be  effectivdy  used  for  a  preparatory 
stratification  into  major  cover  types,  but  the  lack  of  valuable  intensity 
(general  brightness)  information  limits  its  use  for  detailed  dasdCcation 
in  spatially  complex  and  diverse  landscapes. 
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9 

77 

710 

4  Saoflowet 

- 

- 

6 

72 

- 

- 

- 

1 

79 

SAUiUa 

7 

- 

6 

3 

311 

- 

- 

1 

373 

8  GiuaIuiIi 

48 

13 

5 

0 

23 

32 

31 

242 

7  Sknbludi 

70 

6 

6 

1 

17 

- 

96 

12 

166 

8  Orchuli 

75 

3 

76 

11 

3 

2 

3 

271 

344 

739 

737 

723 

92 

425 

101 

148 

368 

7337 

64.8 

87.3 

97.1 

783 

73.7 

92.1 

84.7 

73.6 

79.1 

Table  2. 

CIlM 

Enor  matrix  comparing  gtonnd  reference  (seg  50,  51,  73, 

109, 110)  and  unaupetvised  sin^e-date  dassification 

Giotnd  ObMPralioBS 

1  2  3  4  5  6  7  8 

0  Undiuil 

_ 

72 

1 

11 

7 

1 

_ 

37 

0  Bare  Soil 

1 

- 

135 

- 

- 

- 

3 

13 

152 

1  Dec  Forat 

137 

- 

- 

- 

16 

3 

3 

23 

177 

7  Giiias 

74 

115 

33 

4 

8 

7 

35 

68 

789 

3  Mum 

4 

21 

409 

78 

10 

- 

3 

91 

666 

4  Sunflower 

7 

- 

25 

70 

9 

- 

8 

I 

65 

BAUiUn 

4 

- 

11 

17 

299 

1 

7 

1 

340 

8  Giuilnndi 

60 

25 

27 

18 

67 

60 

73 

90 

348 

7  Sbiubludi 

16 

19 

1 

2 

1 

1 

10 

19 

68 

8  Otchudi 

7 

67 

89 

4 

14 

33 

56 

62 

290 

739 

737 

723 

92 

425 

101 

148 

363 

2332 

667 

486 

66.8 

71.7 

70.4 

69.4 

86 

168 

47.5 

Single-date  dassiCcation  was  performed  by  using  the  same  spectral 
sub-dasses  as  in  the  multi-temporal  case,  except  that  only  the  Tasseled 
Cap  features  from  the  best  date  (5  July)  were  used.  As  it  was  expected, 
we  found  a  reduced  mapping  accnrary  and  inaeased  spectral  confusion 
(table  2).  But  the  difference  between  the  two  approaches  is  even  better 
characterized  by  the  fact  that  it  was  not  posable  to  identify  consistent 
spectral  signatares  for  ail  agricuhnral  cover  rypes. 

Multi-temporal  thematic  mapping  of  the  natural  vegetation  types  was 
examined  in  comparison  with  the  existing  aerial  photographs  and 
topographic  maps.  This  evaluation  indicates  a  good  mapping  accuracy 
for  extended  areas  of  deddnous  forest,  wood-  and  shrnblands,  and 
permanent  grasslands.  The  aaeage  of  coniferous  forests  is  slightly 


It  ia  demonstrated  that  multi-temporal  TM  data  permit  adequate 
classification  and  mapping  of  important  land  cover  types  even  in  areas  of 
variable  morphology  and  diverse  agricultural  and  natural  vegetation. 
Optimum  multi-temporal  classification  must  involve  an  increased 
number  of  spectral  classes,  but  the  computational  requirements  are 
partly  compensated  by  the  posdbility  of  achieving  precise  results  with 
less  demanding  algorithms. 
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ABSTRACT 


In  the  present  paper  the  ti«e-sequential  analysis  of 
Landsat-S  Thematic  Mapper  (TM)  data  in  Computer  Com¬ 
patible  Tape  (CCT)  has  been  performed  for  diverse  land 
cover  types  in  Kanazawa  area,  Takayama  district,  in 
Japan.  The  subscene  of  TM  data  in  the  study  (or  test) 
site  covering  around  800X800  pixels  of  25  meters  square 
was  extracted  from  the  full  scene  data  acquired  on 
August  14,  October  1,  1984,  and  August  1,  1985.  After 
the  preprocessing  i.e.,  the  radiative  correction  and 
geometric  correction  due  to  the  reference  points,  on 
using  the  ground  truth  data  covering  a  20km  square  area 
with  cartographic  accuracy  of  25m,  we  dealt  with  the 
supervised  classification  of  both  grey  levels  in  TM  and 
the  principal  components  (PC)  data  acquired  in  1984, 
and  1985.  Furthermore,  we  performed  the  unsupervised 
classification  of  TM  and  PC  data  in  1984  and  1985. 
Finally,  the  statistical  analysis  of  such  quantities  as 
the  atmospheric  reflectance,  means  of  grey  levels  and 
others  for  both  TM  data  in  1984  and  1985  has  been  done 
for  the  overall  TM  bands  such  that  the  multitemporal 
analysis  of  atmospheric  reflectance  permitted  to  make 
reasonable  allowance  for  the  comparative  study  of  the 
above  land  cover  analysis. 

Keywords:  Image  Processing  of  Landsat  Data,  Radiometric 
and  Geometric  Corrections,  Classification  of  Land-cover 
types. 

1.  INTRODUCTION 

Since  the  launching  of  LANDSAT-4  and  -5,  the  TM  data 
for  various  kinds  of  I  and -cover  types  from  the  aspects 
of  sensor  performance,  cartographic  accuracy  and  image 
processing  have  been  fully  discussed  by  several  authors 
(cf.  Ref .(1)-(12)),  allowing  for  the  time-sequential 
and  comparative  study  of  TM  and  MSS  data. 

Our  present  paper  aims  to  make  the  time-sequential 
analysis  of  an  optimum  information  for  the  ecological 
study  over  Kanr'awa  area  in  Takayama  district  in  Japan. 
The  subscene  of  TM  data  in  study  (or  test)  site  cover¬ 
ing  around  800X800  pixels  was  extracted  from  the  above 
full  scene  data  acquired  on  August  14  and  October  1, 
1984,  and  August  1,  1985.  On  using  the  ground  truth 
data  covering  a  2Ckz  square  area  with  cartographii.  ai.- 
curacy  of  25m  span,  we  dealt  with  the  supervised  class¬ 
ification  of  both  TM  and  PC  data  acquired  in  August 
and  October.  In  addition  to  the  above  classification, 
we  performed  the  unsupervised  classification  of  TM  and 
PC  data  in  August  and  October.  Finally,  the  statistical 
analysis  of  such  quantities  as  the  atmospheric  reflec¬ 
tance,  means  of  grey  levels,  and  others  for  both  TM 


data  in  August  and  October  has  been  done  for  the  over¬ 
all  TM  bands  such  that  the  multi  temporal  analysis  of 
atmospheric  reflectance  permitted  to  make  reasonable 
allowance  for  the  seasonable  change.  As  a  whole  it  may 
be  stated  that  the  spectral  classification  of  Landsat-S 
TM  data  for  various  kinds  of  land-cover  types  in 
Kanazawa  area  has  shown  satisfactory  results  in  ac¬ 
curacy. 

2.  PREPROCESSING 

2.l,Preli.iiin»r.Y  dak  handling 

2.1.1  Data  acquisition:  The  Landsat-5  TM  data  in  digi¬ 
tal  format  handled  by  us  have  been  acquired  by  the 
Earth  Observation  Center  (EOC),  National  Space  Develop¬ 
ment  Agency  of  Japan  (NASDA),  and  then  have  been 
preprocessed  in  terms  of  the  radiometric  and  geometric 
calibration  in  systematic  sense  by  EOC. 

According  to  the  annotation  records,  the  handling  data 
are  listed  in  Table  1.  The  TM  data  scene  under  con¬ 
sideration  produced  as  a  P-tape  (^CT-PT)  by  EOC  covered 
the  land-use  map  (1:25,000)  of  such  areas  as  ’’Kanaiwa”, 
"Awagasaki”,  "Matsuto”,  and  ’’Kanazawa”,  in  Ishikawa 
prefecture  .Japan. 


TibU  1.  CeniUM  of  Acoulroi  111  Dili 


Acoulrid  Oiti  In  198( 

AcculriO  Ditl  In  1905 

Avivit  U 

Octcbir  1 

Autuit  1 

Pith-row 

109-35 

109-35 

109-35 

Centril 

lititudi 

W5*’ 

136*57’ 

137*1’ 

Cvfitril 

lonjltudt 

30*0*’ 

36*05’ 

36*03’ 

Solir 

MtUube 

55* 

6? 

57* 

Solir 

Aziwth 

121* 

U5* 

116* 

10  Niabir 

E-50166-00575-0 

E-5021t-0058l 

E-501S1-00575-0 

PiMWlInt 

Sclwii 

Cubic 

Convolution 

Cubic 

Convolut Ion 

Cubic 

Convolution 

2.1.2  Data  processing:  Ground  cover  conditions  in  the 
above  aieas  weie  identified  by  a  joint  work  of 
Geographical  Survey  Institute  (GSI)  and  Ishikawa  Re¬ 
search  Laboratory  for  Public  Health  and  Environment 
(IRLPHE),  by  making  use  of  the  land  use  maps,  aerial 
photographs,  and  meteorological  data.  The  total  number 
of  ground  truth  data  in  pixels  is  a  few  thousands  in 
our  study  site.  The  cartographic  accuracy  was  shown  to 
be  within  twenty  five  meters  in  North-South  and  East- 
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West  directions  on  land  use  nap.  Based  on  the  available 
ground  truth  data  and  aerial  photographs  on  the  study 
site,  the  TH  data  under  consideration  were  extracted 
fron  the  full  scene  CCT  data.  In  other  words,  a  800X800 
pixel  block  area  was  drawn  out  fron  the  above  full 
scene  of  CCT-PT. 

2.2  Radionetric  correction 

On  naking  use  of  the  connon  radionetric  response  func¬ 
tion  for  the  appropriate  spectral  band,  a  corrected 
digital  value  can  be  converted  to  absolute  units  of 
spectral  radiance.  It  is  expressed  as  follows: 

Lb  =  (RMAX-RMIN)Dcor.b/225  +  RMIN  ,  (1) 

where 

Lb  =  a  spectral  radiance  (nw.cn"®.sr"'. |in"‘)  with 
band  b, 

Dcor.b  =  a  corrected  digital  value  of  a  pixel  fron 
spectral  band  b, 

RHAX  =  the  nininun  radiance  required  to  saturate  a 
detector  response, 

RMIN  =  the  spectral  radiance  corresponding  to  a 
detector  response  of  aero  digital  counts. 

The  dynanic  ranges  cf  the  TM  data  are  listed  in  Table 
2  (cf.  Ref. (9)). 


Table  2.  Oynaiic  Ranjes  of  Thenatic  happer  Data. 


Spectral 

Bands 

TNI 

TN2  TH3 

Tm 

TIC 

TNT 

TM6 

(therial) 

-0.15 

-0.28  -0.12 

-0,15 

-0.06 

-0,07 

200*  k 

RNAX(iiW'C«‘’'sr'’'/i«‘’l 

15,21 

29.68  20.« 

20.62 

2.r2 

1.U 

304‘  k 

2.3  Geometric  correction 


The  study  and  test  sites  are  alnost  centered  in 
Ishikawa  prefecture  and  is  covered  by  Landsat-S  scene 
whose  path-row  is  given  in  Table  1.  This  region  is 
characteriaed  by  a  blend  of  aqueous,  urban,  rural,  and 
ecological  land-cover  features  associated  with  rugged 
terrain  up  to  several  hundred  meters  high. 

In  order  to  implement  the  geometric  correction,  an  al¬ 
most  uniform  network  of  GCP  was  identified  on  both  the 
Lan'^sat-S  image  data  and  its  1:25,000  scale  land-use 
covering  the  study  area.  Furthermore,  the  resam¬ 
pling  procedure,  i.e.,  the  determination  of  the 
radiance  value  to  be  assigned  to  each  output  pixel,  was 
performed  via  the  Nearest  Neighbor  Method  (NNM).  The 
reason  why  we  referred  to  this  NNM  is  due  to  the  fact 
that  our  CCT  data  have  suffered  the  resampling  based  on 
the  cubic  convolution  by  NASDA. 

3.  CLASSIFICATION 

The  total  number  of  the  legend  of  the  aqueous,  urban, 
rural,  ecological,  and  other  cover  types  adopted  by  GSI 
is  forty  nine. 

Data  processing:  On  making  use  of  the  available  ground 
truth  data  and  aerial  photographs,  the  800X800  TM  pixel 
size  area  was  extracted  from  the  full  scene  TM  CCT 
data,  and  was  corrected  radiometrical ly  and  geometri¬ 
cal  ly. 

There  is  a  wide  range  of  land  use  and  cover  types  on 
the  study  (and  test)  site  under  consideration.  The 
major  cover  types  in  the  study  site  are  water,  forest, 
agriculture,  highway,  routes,  commercial,  industrial, 
and  residential  area.  The  legend  of  land  cover  types 
adopted  by  us  is  listed  in  Table  3,  which  is  used  in 
the  case  of  the  supervised  classification. 


In  order  to  keep  the  classification  accuracy,  around  a 
few  tens  of  sampled  pixels  for  each  of  the  cover  types 
under  consideration  were  extracted  from  the  TM  data  in 
study  site.  Furthermore,  the  pixel  size  of  28.5a,  i. 
e.,  the  spatial  resolution,  was  converted  into  that  of 
25m  span,  which  has  been  adopted  in  detailed  field 
study  by  GSI  and  IRLPHE.  Then,  the  TM  data  In  pixel 
size  of  25m  square  In  August  and  October,  1084,  and 
August,  1985,  were  well  classified  by  the  GML  class¬ 
ifier.  Furthermore,  the  principal  components  (PC)  data 
in  TH  CCT  In  August,  1984,  and  1985,  were  also  class¬ 
ified  via  the  GML  classifier.  For  the  color  image 
presentation  the  overall  TM  bands  except  for  6th  band 
were  adopted,  whereas  i.i  the  case  of  PC  channels  1,  2, 
and  3  were  used  together. 


Table  3.  legend  of  Cover  Types  used  In  Supervised  Classification 
In  Sludy  ITest)  Area 


No. 

Cover  types 

1 

Urban  a'cn 

(1986. !985) 

2 

’-.luentlal  area 

(1986,1985) 

3 

High  vay 

(1986.1985) 

6 

Rice  field 

(1986.1985) 

5 

Sands 

(1986.1985) 

6 

Neadov 

(1986.1985) 

7 

Field 

(1986.1985) 

8 

Nixed  forest 

(1986,1985) 

9 

Coniferous  forest 

(1986,1985) 

10 

Sea  vater 

(1986,1985) 

11 

Kahoku  (agwn 

(1986.1985) 

12 

River  water 

(1986.1985) 

13 

Clouds 

(1986) 

16 

Cloudy  shadow 

(1986) 

3.1  Supervised  classification 

On  making  use  of  the  GML  classifier,  we  classified  the 
gray  levels  in  TM  and  PC  data  in  August,  1984  and  1985. 
In  addition  to  it,  the  TM  data  in  October,  1984,  were 
also  classified  in  supervised  scheme.  The  results  in 
percentage  of  the  above  classification  are  listed  in 
Table  4,  5  and  6.  The  classification  accuracy  is 
defined  in  the  ratio  of  the  number  of  pixels  identified 
as  the  class  under  consideration  over  the  overall  total 
number  of  pixels  In  the  study  (or  test)  site.  In  an 
evaluation  of  both  aforementioned  tables,  the  overall 
TM  bands  except  for  the  6th  bands  were  used.  Principal 
component  processing  was  used  to  reduce  the  dimen¬ 
sionality  in  spectrai  band  of  Thematic  Happer  data  in 
August,  1984  and  1985. 

The  comparative  study  of  the  supervised  classification 
via  the  grey  levels  in  CCT  and  the  first,  second,  and 
third  PC  showed  that  there  was  no  dist  in  quished  dif¬ 
ference  of  the  classification  accuracy  between  them, 
whereas  the  computing  machine  time  of  the  iatter  was 
much  less  compared  with  that  of  the  former.  Finaily,  it 
shouid  be  mentioned  that  the  weather  on  August  14. 
1984,  and  August  1,  1985,  was  so  clear  compared  with 
that  on  October  1,  1984. 
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Ttble  S.  CliHiflatUn  tccvrtcy  <X>  of  TN  diU  on  OctoWr  1.1M4 
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3.2  Unsupervised  classification 

In  a  manner  similar  in  form  to  the  clusterung  analysis 
(cf.  Ref.(lO)),  the  unsupervised  ciassif ication  was  per¬ 
formed  by  the  grey  ieveis  in  CCT  and  PC  data  in  August 
and  October,  1984  and  1985,  such  that,  on  making  use  of 
the  transformed  divergence  of  the  clustering 
separability,  the  perfield  ciassif ication  was  imple¬ 
mented.  Compared  with  the  landuse  map  printed  in 
colours,  the  image  consisting  of  fifteen  classes  on 
August  1  1985,  obtained  by  the  clustering  analysis  for 
PC  data  showed  such  that  the  coastai  iine  in  Japan  sea 
appeared  clearly  without  noise  and  furthermore  the  par- 
ticuicr  features  of  the  ridge  between  the  rice  fields 
were  noticeable.  The  comparison  of  the  supervised 
classification  with  the  unsupervised  ones  showed  that, 
from  the  aspect  of  the  efficiency  and  performance  the 
iatter  method  has  seemed  to  be  a  littie  superior  to  the 
former  ones,  particuiarly  in  the  sense  that  the 
pecuiiar  patterns  in  the  rice  fieid  obtained  by  the 
clustering  method  were  noticeabie  compared  with  that 
ciassified  by  the  GHL  method. 


4.  SPECTRAL  STATiSTICS  OF  TM  DATA 

The  statistical  analysis  of  spectrai  radiance  in  digi¬ 
tal  counts  was  performed,  in  virtue  of  which  the 
spectral  characteristics  of  TM  data  for  several  cover 
types  in  study  (and  test)  site  become  ciearer.  For  this 
purpose  the  various  cover  types  listed  in  Tabie  3  were 
further  condensed  in  four  categories  (Ref. (11)).  The 
radiance  counts  extracted  from  these  sample  fields  were 
used  to  get  the  spectral  rauiance  values  Lb  by  Eq.(l), 
means,  variance,  coefficients  of  variation 
(variance/means)xlOO% .  minimum,  and  maximum  vaiues, 
correlation  matrix,  covariance  matrix  for  the  given 
seven  TM  bands  in  main  cover  types.  These  statistical 
summarries  for  the  aqueous,  structural,  ecologcial  and 
other  study  sites  were  listed  in  tables,  respectively, 
except  for  the  spectral  radiance  and  covariance  matrix 
(cf.Ref.(ll)). 

it  has  been  discussed  in  our  preceding  paper 


(Ref.(ll))  that  bands  5  and  7  in  the  aqueous  study  site 
showed  a  remarkable  coefficient  of  variance  resulting 
from  highly  variable  reflectance  phenomena,  whereas 
band  6  was  the  least  variable  band  due  to  the  low  mag¬ 
nitude  and  narrow  range  of  radiation.  Furthermore,  the 
atmospheric  (or  relative)  reflectance  was  evaluated  as 
below, 

I  =  Lb/(uF)  (2) 

where  Lb  is  the  spectral  radiance,  cos'^u  is  the  polar 
angle  of  the  sun,  and  F  is  the  solar  spectral  ir- 
radiance  (or  flux)  above  the  atmosphere  on  a  unit  area 
normal  to  the  direction  of  propagation.  The  solar  flux 
F  in  each  spectral  band  is  listed  In  Table  7.  Atmos¬ 
phere  reflectance  for  representative  land  cover-types 
versus  each  TM  bands  is  plotted  in  Figure  1,  on  August 
14,  1984,  in  Figure  2,  on  October  1,  1984,  in  Figure  3 
on  August  1,  1985,  respectively.  It  was  shown  that  most 
remarkable  change  of  the  atmospheric  reflectance  be¬ 
tween  August  and  October  was  recogniged  in  the  ecologi¬ 
cal  cover-types  i-^  study  area.  It  is  understood  that 
the  change  of  the  atmospheric  reflectance  between  sum¬ 
mer  and  fall  seasons  became  remarkable  in  ecological 
area,  such  as  in  the  rice  field,  field,  meadow,  and 
forest.  On  the  other  hand,  we  did  not  recognige  any 
significant  change  in  atmospheric  reflectance  in  the 
aqueous,  structural,  and  other  areas  in  August  and  Oc¬ 
tober. 

Table.  7  Solar  Flux  FliM.ci**)  In  Spectral  Band  of  TH  Data 


Wave-length 

F 

^3 

Wave-length 

F 

0.45-0.52 

13.65 

4 

0.76-0.90 

15.06 

a 

0.52-0.60 

14.65 

5 

1.55-1.75 

4.64 

m 

0.63-0.69 

9.24 

7 

2.00-2.35 

2.16 

5.  DISCUSSIONS 

In  the  present  paper,  making  use  of  Landsat-S  TM  CCT 
data  acquired  on  August  14  and  October  1,  1984,  and 
August  1,  1985,  we  performed  an  image  processing  of  the 
subscene  consisting  of  the  800X800  pixels  of  25  meters 
square  size  in  Kanazawa  district,  Japan.  After  the 
preprocessing  consisting  of  the  radiometric  and 
geometric  (CCP)  corrections,  our  TM  CCi  data  in  August 
and  October  have  been  classified  by  means  of  the  GML 
classifier.  Whereas  the  ground  truth  data  in  magnetic 
tape  given  by  CIS  and  IPLPHE  have  been  classified  in 
forty  nine  categories,  however,  we  summarized  it  in 
fourteen  (or  twelve)  categories  because  of  the  somewhat 
redundant  classification  scheme  of  the  former  based  on 
the  administrative  aspects.  The  classification  accuracy 
in  fourteen  (or  twelve)  land  cover  types  is  listed  in 
percentage  in  Tables  4,  5  and  6.  The  integer  numbers  in 
first  row  and  first  column  repress  t  the  legend  number 
in  Table  3. 

Furi.hermore,  with  the  aid  of  the  principal  component 
(PC)  analysis,  we  obtained  the  PC  first,  second,  and 
third  channels  for  TM  CCT  data  on  August  14,  1984,  and 
August  1,  1985,  and  classified  them  with  the  aid  of  the 
GML  classifier  and  the  clustering  analysis.  The  com- 
oaraiive  study  of  the  clas-sif ication  results  for  TM 
CCT  data  and  PC  data  showed  us  such  that  there  was  no 
distinguished  difference  between  them,  whereas  the 
machine  time  of  the  clas-sif ication  procedure  for  PC 
data  was  much  less  than  that  for  TM  CCT  data. 

Because  of  somewhat  short  term  of  the  TM  CCT  data  ac¬ 
quired  in  August  and  October,  1984,  and  in  August, 
1985,  the  remarkable  changes  in  classification  results 
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have  not  been  found  except  for  the  ecological  land- 
cover  type.  The  classification  accuracy  of  TM  CCT  data 
was  proved  to  be  satisfactory.  Furthemor.  -  the  statis¬ 
tical  analysis  of  the  grey  levels  of  'e  emergent 
radiance,  i.e.,  means,  variance,  and  others  has  showe. 
an  interaction  relationship  of  these  TH  data  in 
aqueous,  structural,  ecological,  and  other  areas  in 
each  spectral  band. 

Finally,  the  atmospheric  reflectance  in  terms  of  the 
emergent  radiance,  solar  polar  angle,  and  solar  flux 
has  been  plotted  against  for  each  spectral  band  in  four 
main  categories  of  the  land  cover  types.  It  was  found 
that  the  conspicuous  difference  of  the  zig2ag  line 
slope  has  been  recognized  only  in  ecological  category 
of  land-cover  type  in  August  and  October. 
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Observations  of  microwave  emission  and  backscattering 
from  soil  and  vegetation  were  carried  out  by  means  of 
airborne  sensors  during  Agrisar  86  and  Agriscatt  87 
campaigns.  The  experiments  aimed  at  clarifying  some 
relations  between  sensor  responses  and  ground 
parameters  and  at  identifying  the  dominant  features 
which  affect  emission  and  scattering.  Some  examples  of 
these  relations  are  shown  in  this  paper.  Besides,  a 
comparison  between  emissivity  and  backscattering  is 
carried  out  with  the  purpose  of  checking  the 
consistency  of  measurements. 

Keywords;  Microwave,  emission,  scattering,  vegetation. 
Introduction 

The  dependence  of  microwave  emission  and  scattering 
from  terrain  on  ground  parameters  has  been 
investigated  in  several  experimental  and  theoretical 
works  (Ulaby  et  al.  1981,  1982  and  1986),  However, 
especially  at  frequencies  higher  than  5  GHz,  the 
knowledge  of  vegetation  microwave  features  is  far  from 
being  exaustive.  The  purpose  of  this  paper  is  to  show 
and  discuss  some  experimental  relations  between  remote 
sensing  measurements  and  ground  parameters  by  using 
data  collected  with  active  and  passive  microwave 
sensors. 

Besides  being  synergistic  in  several  practical 
applications,  and  although  emission  and  scattering  are 
biounivocally  related  only  in  particular  cases, 
simultaneous  observations  of  emissivity  and 
backscattering  can  be  very  fruitful  in  the 
understanding  of  the  global  electromagnetic  properties 
of  natural  media  and  for  checking  experimental  data 
(Ferrazzoli  et  al.  1988).  The  analysis  of  the 
sensitivity  of  backscatter  and  emissivity  to 
geophysical  parameters  is  here  carried  out  separately 
for  the  two  quantities.  However  in  some  cases  the  two 
parameters  have  been  directly  compared  with  the  main 
purpose  of  checking  the  consistency  of  measurements  on 
the  basis  of  a  theoretical  model  derived  from  the 
energy  conservation  law. 

Experiments 

In  1986,  the  Joint  Research  Center  of  EEC  organized  an 
airborne  backscatter  measurement  campaign,  named 
AGRISAR  which  took  place  over  several  European 
countries.  The  Italian  test  site  01trep6  Pavese, 
located  in  Northern  Italy,  was  surveyed  four  times  in 
June,  July  and  August  by  a  B17  aircraft  carrying  the 
French  Varan-S  SAR,  operating  at  9,37  GHz  (W,HH 
polarizations)  with  nominal  ground  and  radiometric 


resolution  of  3  m  and  1  dB  respectively  (Vaillant 
1985).  A  few  hours  after  the  second  and  third  SAR 
flights  (i.e.  June  26th,  July  16th  )  the  site  was 
surveyed  by  a  small  aircraft  on  which  were  mounted 
three  radiometers  (operating  at  X,  Ka  and  infrared 
bands)  backward  looking  at  soil  at  6  *  40*  incidence 
angle  (Bonsignori  et  al,,  1987),  The  radiometer 
flights  were  organized  by  IROE-CNR  and  the  Centre  for 
Microwave  Remote  Sensing  in  Florence,  During  the  last 
three  SAR  flights  the  most  relevant  ground  parameters 
were  measured. 

The  same  site  was  surveyed  4  times  in  June  and 
July  1987  by  the  Dutscat  scatterometer,  operating  at 
six  frequencies  (L,  S,  C,  X,  Kul  and  Ku2  bands),  four 
incidence  angles  (10,25,40,55  degrees)  and  two 
polarizations  (W  and  HH),  Ground  resolution  at  X  and 
Ku  bands  was  less  than  10  m  (SnoeiJ  et  al,,1987).  The 
1987  campaign  was  Jointly  organized  by  the  European 
Space  Agency  and  JRC,  As  in  1986  almost  contemporary 
airborne  radiometric  measurements  were  carried  out  and 
ground  truth  data  were  collected;  com,  sugarbeet, 
alfalfa,  wheat  and  bare  soil  fields  were  routinely 
observed  and  some  measurements  over  barley  and 
stubbles  were  also  performed.  Ground  truth 
measurements  concerned  the  most  important  parameters 
of  soil  and  vegetation, like  soil  moisture,  plant 
height, density  and  water  content, Leaf  Area  Index, etc. 

The  period  covered  by  the  flights  (June-August) 
allowed  the  observation  of  a  limited  part  of  the  crop 
growth  cycles,  particularly  in  the  case  of  wheat  and 
sugarbeet. 

Results 

The  basic  sensed  parameters  are  the  normalized  radar 
cross  section  o'  (m‘/m')  and  the  emissivity  e;  the 
latter,  which  can  be  rigorously  defined  only  for 
homogenous  isothermal  bodies,  is  approximated  here  by 
a  normalized  temperature  T„,  obtained  by  the  ratio 
between  microwave  and  **  infrared  brightness 
temperatures. 

Backscattering  data  at  9.4  GHz  were  obtained  in 
1986  from  the  Varan-S  SAR  data,  by  averaging  the  power 
levels  of  all  the  pixels  (*  3m  x  3m)  included  in  the 
fields  which  were  observed  at  6*45'  Incidence  angle. 

The  1987  scatterometric  data  at  X  band  were  found 
to  be  affected  by  instabilities  and  until  now  it  has 
been  practically  impossible  to  work  out  correlations 
with  land  features.  Ku  band  data  are  more  reliable 
although  the  absolute  values  appear  to  differ  (6-10  dB 
higher)  from  data  available  in  literature.  Since  we 
expect  that  the  behaviour  of  vegetation  at  9.5  and 
13.7  GHz  is  fairly  similar,  in  this  paper  we  examine 
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data  at  13  GHz;  o*  represents  again  the  average  value 
of  all  the  measurements  available  in  the  same  field.  A 
relative  scale  is  used  because  of  the  mentioned 
difficulties  in  calibration. 

As  far  as  the  passive  measurements  are  concerned 
the  microwave  normalized  temperature  at  X  band  of  each 
field  has  been  obtained  by  considering  all  the  samples 
collected  in  the  central  part  of  the  field. 

As  expected  the  results  of  the  measurements  show 
that  in  general  dry  bare  (or  stubbles  covered)  soil 
has  higher  emissivity  and  lower  backscatter  than 
vegetated  fields.  However  one  has  to  remember  that 
emission  and  scattering  from  bare  soil  strongly  depend 
on  surface  moisture  and  roughness. 

Among  crops,  wide  leaf  plants  such  as  corn  and 
sugarbeet  exhibit  higher  o*  and  lover  brightness  than 
small  grains  (wheat  and  barley)  and  alfalfa.  However, 
it  has  already  been  shown  (Ulaby  et  al.,  1986; 
Pampaloni  and  Paloscia,  1985)  that  the  remote  sensing 
parameters  depend  not  only  on  crop  type  but  on 
vegetation  conditions  as  well.  The  latte-  can  be 
identified  by  means  of  appropriate  agror, -mical 
parameters  such  as  leaf  area  index  -LAI-  (in  m*/m|), 
plant  water  content  -PHC-  (in  kg/m’  or  in  kg/m'^), 
plant  moisture  -M-  (in  X  of  H.O  on  total  weight)  which 
are  also  indicators  of  the  mass  of  water  overhanging 
the  soil  and  then  of  the  dielectric  characteristics  of 
the  air  vegetation  mixture. 

The  dependence  of  microwave  data  on  the  various 
ground  parameters  has  been  examined  and  some  examples 
are  reported  as  follows. 

Fig.  1  shows  the  backscattering  coefficient  o*  at 
9.4  GHz,  measured  on  different  crops,  as  a  function  of 
PHC  in  kg/m*;  we  see  that,  although  data  are  fairly 
highly  spread,  in  general  o*  increases  as  PHC 
increases,  however  ripe  wheat  (U)  exhibits  an 
opposite  trend. 


PWC  (kg/m*') 


Fig.l:  Backscattering  coefficient  obtained  in  1986 
(26th  June,  16th  July  and  12th  August)  from  VARAN-S 
data  at  HH  pol.,  6>45*,  as  a  function  of  Plant  Water 
Content  (PWC)  for  different  crops:  A>alfalfa, 
B-barley,  C*corn,  S“sugarbeet,  H”wheat 


This  behaviour  is  confirmed  by  the  scatterometric 
data  which  also  confirm  the  similar  microwave 
behaviour  of  wheat  and  barley  (B)  (fig, 2). 

In  turn  radiometric  measurements  (fig. 3)  show  a 
behaviour  which  is  consistent  with  that  of  radar  data. 
Here  the  general  trend  is  a  decrease  of  the  normalized 
temperature  as  PWC  increases;  this  global  behaviour 
results  from  the  combination  of  data  for  the  various 
crops,  whereas  for  each  crop  the  sensitivity  to  PHC  is 
quite  low 
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Fig. 2:  Relative  backscatter,  measured  in  1987  (2nd  and 
17th  June  and  7th  July  )  by  scatterometer  at 
f«13.7  GHz,  HH  pol.,  6-40*)  as  a  function  of  PWC  for 
different  crops;  crop  code  is  the  same  as  fig.  1 
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Fig.  3:  Normalized  brightness  temperature,  (X  band,  H 
pol.,  e-40*)  measured  in  1986  (16th  July)  and  1987 
(3rd  and  17th  June)  on  various  crops,  as  a  function 
of  PWC;  crop  code  is  the  same  as  fig.  1 
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M 

Fig.  A:  Backscattering  coefficient  (X  band,  HH  pol., 
6"A5*)  as  a  function  of  t  (by  weight)  of  water  in  the 
plants  (M)  .  Observations  refer  to  the  senescence 
cycle  of  vegetation  in  1986  (26th  June,  16th  July  and 
12th  August);  crop  code  is  the  same  as  fig.  1 


M  (y.) 


Fig.  5:  Relative  backscatter  at  13.7  GHz,  HH  pol,, 
0=40*,  as  a  function  of  M,  Observations  with  Dutscat 
in  June-July  1987;  crop  code  is  the  same  as  fig,  1 


The  most  evident  feature  exhibited  by  the 
brightness  data  is  a  stable  difference  between 
normalized  temperatures  of  wheat  and  sugarbeet,  which 
fall  at  opposite  extremes  of  the  range,  whilst  com 
and  alfalfa  have  intermediate  values  depending  on  the 
growth  stage. 


Once  the  crop  growth  is  completed  the  dry  biomass 
increases  at  a  low  rate  and  vegetation  begins  to  lose 
water;  so  it  appears  significant  to  correlate  the 
microwave  parameters  to  the  percentage  of  water  in  the 
plants,  M.  Diagrams  of  figures  4,  f  and  6  show  that 
Ohh  increases  and  TN  decreases  as  a  function  of  M. 

We  remind  that  for  these  measurements  the  variation  of 
M  is  due  to  the  vegetation  senescence.  In  these 
diagrams  for  a  given  N  we  can  recognize  two  ranges  of 
0*  and  e:  the  one  corresponding  to  wide  leaf  crops 
(com  and  sugarbeet)  and  that  of  alfalfa,  barley  and 
wheat.  For  the  latter  crops  the  sensitivity  of 
microwave  parameters  to  M  seems  to  be  slightly  higher 
than  for  wide  leaves. 


M  (X) 


Fig.  6:  Normalized  brightness  temperature  (X  band,  H 
pol.,  0»4O*)  as  a  function  of  M.  Observations  in  1986 
(16th  July)  and  1987  (3rd  and  17th  June);  crop  code 
is  the  same  of  fig.  1 


The  previous  diagrams  show  that  in  general,  the 
backscattering  coefficient  increases  as  the  normalized 
temperature  decreases  although  general  a  direct 
relation  between  these  two  parameters  does  not  exist. 

However  the  problem  of  correlating  emission  and 
backscattering  has  been  considered  by  Tsang  et  al. 
(1982)  in  the  particular  case  of  a  uniform  continuous 
medium  (soil)  covered  by  a  layei  of  isotropic 
scatterers  (leaves).  Although  this  model  may  be  far 
from  most  real  conditions  it  can  be  used  as  a  basis 
for  discussing  our  results. 

The  equation  found  by  Tsang  et  al.  (1982)  is  the 
following:  , 

cos^O 

»a  .(0)- |i-e»(e)-rf(e)exp(-2Tsece)1  -  *  (1) 

9,9  9  J  F.(T.-cose) 

i 


*  [i-exp(-2Tsec0)2  +  o|  p(6)exp(-2Tsec0) 

where  o.  .(6)  is  the  backscattering  coefficient,  r|(0) 
is  the^jfound  reflectivity,  e«(6)  is  the  emissivity, 
0  is  an  index  of  the  polarization,  0  is  the  incidence 
angle,  o|  ,(0)  is  the  ground  backscattering 
coefficilAi,  t  is  the  optical  depth,  and  F3(t,-cos0) 
is  a  function  described  by  Chandrasekhar  (1960). 
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The  model  can  be  parameterized  to  find  the 
conditions  which  best  approximate  experimental  data. 
When  vegetation  is  well  developed  and  for  observations 
far  from  nadir  (i40*)  the  soil  backscattering  o,  ,  may 
be  neglected  and  the  number  of  parameters  is  reduced. 
Diagram  of  fig.  7  represents  experimental  paints, 
collected  on  alfalfa,  com  and  surgarbeet  with 
different  LAI  values,  compared  with  the  model  for  a 
moistened  soil  having  a  reflectivity  equal  to  0.25  and 
optical  depth  t  ranging  from  0.6  to  1.8.  We  see  that 
the  model  reproduces  fairly  well  the  growth  of  alfalfa 
in  that  points  corresponding  to  LAI  -  1. A  (Al)  and  4.3 
(A4)  lie  on  curves  with  consistent  values  of  t 
(Paloscia  and  Pampaloni,  1988) .  Howe-'er  the  behaviour 
appears  less  consistent  for  com,  where  only  the  point 
with  LAI  “  3.8  (C4)  seems  to  be  Justifiable,  and  above 
all  for  sugarbeet,  whose  representative  points  would 
correspond  to  too  low  values  of  optical  depth. 

This  result  appears  quite  reasonable  because  at  3 
cm  wavelength  alfalfa  crop  approximates  fairly  well  a 
medium  with  isotropic  scatterers  (Ferrazzoli  et  al., 
1988)  whereas  we  may  expect  that  crops  with  wide 
leaves  such  as  com  and  sugarbeet  are  far  from  that 
approximation.  This  is  particularly  tme  for  dry  soil 
covered  with  wheat  stubbles  or  cut  alfalfa  stems; 
points  representing  measurements  on  these  surfaces, 
where  reflectivity  is  usually  much  lower  than  0.20, 
lie  in  the  region  of  relatively  low  t.  However  a 
comparison  of  these  data  with  the  model  is  of  little 
significance  because  eq.  1  is  not  able  to  give  a  valid 
relation  between  e  and  o*  for  very  low  values  of  t. 


Fig,  7:  BacKscattering  coettlcient  at  X  band,  HH  pol,, 
0*45*  as  a  function  of  the  emissivity.  Lines  refer  to 
the  model  of  eq.  1  for  a  soil  reflectivity  equal  to 
0.25  and  t  ranging  from  0.6  to  1.8,  The  points, 
denoted  by  letters  and  numbers,  represent  measurements 
of  backscattering  and  normalized  temperature. 
A"alfalfa,  C«com,  S-sugarbeet,  H*wheat.  Numbers 
represent  rounded  values  of  leaf  area  index,  *  denotes 
well  developed  crop  with  unknown  leaf  area  index. 


Conclusions 

The  analyzed  experimental  results  show  that  microwave 
emission  and  backscattering  at  X  band,  H  polarization, 
are  sensitive  to  crop  type  and  plant  water  conditions. 
Despite  the  spread  of  data  a  recurrent  different 
behaviour  between  wide  leaf  crops  and  small  grains  can 
be  identified.  The  latter  crops  are  fairly  well 
represented  by  a  layer  of  isotropic  scatterers  whereas 
corn  and  sugarbeet  plants  must  probably  be  modelled 
with  a  different  approach.  The  dependence  of 
emissivity  and  backscattering  coefficient  from  plant 
water  content  is  well  established  for  the  ensemble  of 
crops  during  their  life  cycle,  however  the  sensitivity 
of  both  parameters  appears  quite  low  for  detecting 
plant  water  conditions  of  a  single  crop  in  a  small 
time  interval,  A  direct  comparison  of  active  and 
passive  measurements,  with  the  help  of  a  theoretical 
model,  makes  possible  a  check  of  data  and  may  allow  a 
better  crop  separation  than  the  one  achievable  by 
using  only  one  sensor. 
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Abstract 

In  remote  sensing  studies  of  agricultural  crop 
characteristics,  it  is  important  to  obtain  ground 
information  close  to  the  date  of  acquisition  of  the 
imagery.  This  is  particularly  relevant  when  radar 
imagery  is  being  analysed  as  it  is  often  difficult  to 
determine  the  ground  conditions  that  influence  the 
tonal  appearance  of  the  image.  An  Anomaly 
Assessment  System  has  been  developed  for  combining 
quicklook  imagery,  a  digital  field  boundary  map  and 
ground  data  to  rapidly  identify  those  fields  which  have 
either  lighter  or  darker  tones  than  the  average.  Use  of 
the  system  will  permit  rapid  identification  and  field 
checking  of  anomalous  fields. 

Keywords:  Anomaly  assessment.  Crop  inspection. 
Crop  inventory.  Radar  imagery 


Introduction 

In  the  majority  of  studies  involving  interpretation 
of  remote  sensing  data,  it  is  important  to  have  ground 
information  to  aid  in  the  analysis  of  the  imagery.  How 
detailed  the  ground  information  should  be  and  how 
close  it  should  be  obtained  to  the  date  and  the  time  of 
acquisition  of  the  imagery  vary  depending  upon  the 
nature  of  the  study  being  undertaken  and  the  region  of 
the  electromagnetic  spectrum  in  which  the  data  are 
obtained.  In  this  paper,  we  consider  the  acquisition 
requirements  for  crop  identification  and  assessment, 
and  suggest  ways  in  which  timely  information  can  be 
obtained  to  aid  in  the  analysis  of  radar  imagery  of 
crops. 

Crop  characteristics  change  during  the  growing 
season.  Sometimes,  these  changes  can  take  place  over 
a  period  of  just  a  few  days  (e.g.,  ripening  of  grain 
crops).  Thus,  it  is  important  to  make  field  observations 
fairly  close  to  the  date  of  image  acquisition  if  one  is 
going  to  accurately  interpret  the  crop  type  and  its  stage 
of  development.  Working  in  the  visible  part  of  the 
spectrum,  the  eye  observes  the  same  wavelengths  as 
the  sensor.  As  a  result,  comparison  of  field  conditions 
with  the  imagery  is  relatively  easy.  Moving  into  the 
near-infrared  regions,  however,  some  extrapolation 
between  the  field  appearance  of  the  crops  and  how  they 
are  recorded  on  the  imagery  has  to  be  made.  Within 


the  radar  wavelengths,  two  sets  of  factors  will 
influence  the  appearance  of  a  specific  crop  type  on  the 
imagery.  First  are  the  characteristics  of  the  radar 
system  itself  and  its  geometric  position  relative  to  the 
area  of  interest.  Second,  ground  conditions  will  affect 
the  radar  backscatter  and  ultimately  the  tone  or  grey- 
level  that  is  observed  on  the  imagery.  Ground 
conditions  in  agricultural  areas  display  not  only  the 
influence  of  soil  characteristics,  such  as  the  surface 
roughness  and  moisture  content,  but  also  the  effects  of 
crop  conditions  such  as  the  stage  of  growth,  the 
geometric  arrangement  and  the  moisture  content  of 
the  crop  itself  (Ulaby  and  Bush,  1976;  Ulaby  and 
Batlivala,  1976). 


Although  similar  crops  are  planted  in  different 
fields  throughout  a  region,  ground  conditions  will  va:^ 
depending  upon  factors  such  as  soil  type,  organic 
content  of  the  soil,  slope  and  moisture  content.  Even 
with  similar  ground  conditions,  crop  appearance  will 
vary  depending  upon  the  time  of  planting,  crop  variety 
and  the  availability  of  fertilizer  in  the  soil.  Given  the 
sensitivity  of  radar  imagery  to  a  wide  range  of 
environmental  factors,  it  is  often  difficult  to  explain  the 
differing  appearances  of  the  same  crop  type  on  an 
image  (Hirose  et  al.,  1983;  Cihlar,  1986).  One  way  to 
attempt  to  do  this  is  through  the  process  of  anomaly 
assessment.  Often  it  is  the  anomalous  appearance  of 
just  a  few  fields  that  can  give  us  an  insight  into  some  of 
the  factors  that  have  a  major  influence  on  the 
appearance  of  the  image.  Thus,  methods  are  required 
to  rapidly  identify  anomalous  fields  for  more  detailed 
ground  study  as  soon  as  possible  after  acquisition  of  the 
imagery. 

Mefiiodology 

The  sequence  of  analysis  procedures  for  anomaly 
assessment  is  shown  in  Figure  1.  The  first  stage  is 
acquiutliun  of  radar  imagery.  During  a  3AR-580 
overflight  by  the  Canada  Centre  for  Remote  Sensing 
(CCRS),  the  radar  data  are  recorded  as  quicklook 
imagery  and  as  digital  data.  As  processing  of  the 
digital  data  normally  takes  several  months,  it  is  the 
quicklook  imagery  which  must  be  used  for  anomaly 
assessment.  This  imagery  can  be  sent  to  the  user  in 
approximately  24  hours.  On  the  quicklook  imagery, 
the  analyst  is  faced  with  a  wide  range  of  different 
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image  tones  displayed  in  a  large  number  of  fields.  The 
problem  is  how  to  rapidly  identify  those  fields  that  for 
one  reason  or  another  have  image  tones  which  are 
either  distinctly  lighter  or  darker  than  the  average  tone 
for  the  set  of  fields  containing  the  same  crop  type. 
Clearly,  it  has  to  be  done  in  an  automated  fashion. 

To  automate  the  anomaly  assessment,  the 
quicklook  imagery  is  scanned  using  a  digital  imaging 
camera  system.  The  image  which  is  generated  is 
input  to  the  "Anomaly  Assessment  System",  which  is 
resident  on  an  image  analysis  system  (Figure  1). 


Figure  1:  A  flowchart  of  the  Anomaly  Assessment 
System 


The  second  input  to  the  Anomaly  Assessment 
System  is  a  digital  field  boundary  map.  Field  and  crop 
boundaries  in  the  study  area  must  be  digitized  and  the 
file  must  be  entered.  The  digitizing  can  be  done  using 
aerial  photographs  or  a  map.  Alternatively,  an 
existing  digital  file  can  be  used.  If  necessary,  the 
quicklook  imagery  when  it  is  first  received  can  be 
digitized  to  produce  the  field  boundary  file.  The 
imagery  can  also  be  used  to  update  any  existing  maps. 
This  is  important  if  a  digital  file  from  a  previous  year 
is  to  be  used  as  the  base  map  because  crop  boundaries 
do  change  from  year  to  year.  Once  the  map  has  been 
entered,  the  image  must  be  registered  to  it. 

The  third  and  final  input  is  ground  data  collected 
in  the  study  area.  An  attribute  file  must  be  established 
containing  information  on  crop  types  and  their 
characteristics  on  a  field-by-field  basis. 

Anomaly  assessment  consists  of  using  masks  to 
display  on  the  colour  monitor  of  the  image  analysis 
system  only  the  fields  with  certain  attributes,  such  as  a 
specific  crop  type.  This  permits  a  more  effective  visual 
comparison  of  the  fields  and  identification  of  the 
anomalies.  In  addition,  summary  maps  and/or 
reports  of  statistics  on  a  per-field  basis  can  be 
generated  and  displayed.  The  quicklook  imagery  can 
be  studied  in  detail  to  attempt  to  identify  the  reason  for 
the  anomaly.  In  addition,  it  should  be  possible  to  field 
check  the  study  area  within  two  or  three  days  of  the 
data  acquisition. 


Results 

The  procedure  described  above  is  operational 
using  PCI  image  analysis  software  and  the  TYDAC 
SPANS  Geographic  Information  System.  It  will  be 
used  as  part  of  the  data  analysis  strategy  in  an 
agricultural  radar  study  that  is  currently  taking  place 
in  Oxford  County,  Ontario.  During  the  summer  of 
1988,  OCRS  acquired  radar  data  over  the  test  area  on 
four  separate  occasions.  On  each  occasion,  data  were 
obtained  at  different  wavelengths,  polarizations, 
depression  angles  and  look  directions.  Digital  field 
boundary  maps  for  part  of  the  study  area  have  been 
generated  and  input  to  the  system.  In  addition, 
attribute  files  for  each  field  have  been  produced.  With 
the  above  data  and  information  sources,  it  is  possible  to 
do  a  retrospective  anomaly  assessment.  It  is  hoped 
that  during  the  summer  of  1989  the  system  can  be  used 
in  an  operational  mode  to  carry  out  anomaly 
assessment  within  a  short  period  of  time  following 
data  acquisition. 

Conclusions 

Anomaly  assessment  is  an  important  element  in 
the  analysis  of  agricultural  crops  as  they  are  recorded 
on  radar  imagery.  The  assessment  permits  greater 
understanding  of  the  different  factors  influencing 
radar  backscatter.  The  Anomaly  Assessment  System 
that  is  now  in  place  will  permit  rapid  checking  of  fields 
for  anomalous  tonal  characteristics. 
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R6sum6 

L’objectif  de  ce  travail  dtait  de  cartographier  au  1  ;20  000,  it  I’aide  de  la  tdliddtection  satellitalre,  les  quatre  cultures  ou  groupcs  de  cultures  suivantes: 
le  Inal's,  les  cdrdales,  les  fourrages  et  paturages  et  les  autres  cultures.  II  fallait  de  plus  en  calculer  les  superficies  respectives  au  niveau  regional.  Le 
travail  devait  etre  fait  dans  un  court  laps  de  temps  et  ik  de  faibles  cofits.  Aucunes  donndes  de  terrain  prises  simultandment  au  passage  du  satellite 
n’dtaient  disponibles.  Le  territoire  traitd  est  celui  compris  entre  Pointe-au-Ch6ne  et  Tile  du  Grand  Calumet  en  Outaouais,  Qudbec.  Des  reproductions 
photographiques  en  fausses  couleurs  (TM5-rouge,  TM4-vett,  TM3-bleu)  au  1  ;40  000 et  au  1 :80  000,  d'une  image  Thematic  Mapper  du  1 1  aoOt  1987, 
se  sont  avdrdes  tris  efficaces  pour  planifier  la  visite  sur  le  terrain  et  pour  identifier  les  signatures  visuelles  des  diffdrentes  cultures.  Lors  de  la  visite 
sur  le  terrain,  au  printemps  1988,  il  a  6t6  possible  d'identifier,  aprds  la  fonte  de  la  neige,  la  plupart  des  cultures  de  I’dtd  pr6c6dent.  Les  cas  douteux 
pouvaient  etre  dclaircis  par  des  rencontres  avec  les  cultivateurs.  La  date  de  I’image  a  une  trts  grande  influence  sur  le  d6roulement  subsequent  des 
travaux.  Iddalement,  elle  doit  etre  prise  le  plus  pr4s  possible  de  la  maturite  des  cdreales  sans  que  la  rdcolte  de  celles-ci  ne  soit  commencde.  Sur  le  plan 
technique,  il  est  interessant  de  noter  que  les  diapositives  de  I'image  classinde  se  superposent  parfaitement  aux  cartes  au  1:20  000  sans  corrections 
gdometriques.  Enfin,  la  methode  que  nous  avons  utilisee  est  tris  effieace  et  peu  coQteuse  et  nous  n’hdsitons  pas  h  la  recommander  pour  des  travaux 
d’inventaire. 

Abtract 

The  object  if  the  project  consisted  in  the  application  of  satellite  remote  sensing  for  mapping,  at  the  scale  of  the  1 : 20  000,  the  four  following  crops 
or  groups  c ,  crops;  com,  cereals,  hay  and  pastures  and  other  crops.  Furthermore,  it  was  our  aim  to  estimate,  at  a  regional  scale,  the  corresponding 
areas  for  eu?h  crop  type.  The  work  had  to  be  done  within  a  short  period  of  time  and  at  low  cos  t.  No  ground  data  was  acquired  during  satellite  overfligths. 
The  area  under  study  is  located  between  Pointe-au-Chene  and  ile  du  Grand  Calumet  in  the  Outaouais  region  of  Quebec.  False  colour  photographic 
reproductions  (TM5-red,  TM4-green,  TM3-blue),  at  the  scale  of  the  1: 40  000  and  the  1: 80  COO,  obtained  from  a  Thematic  Mapper  image  acquired 
on  August  1 1 , 1987,  were  very  useful  for  planning  field  surveys  and  for  identifying  the  visual  signatures  of  the  different  crops.  In  the  spring  of  1988, 
after  the  snowmelt,  it  was  possible  to  identify  during  a  field  survey  most  of  the  crops  of  the  previous  summer.  Problem  rases  could  be  solved  by  meeting 
with  the  farmers.  Image  date  had  considerable  impact  on  the  subsequent  steps  to  be  undertaken.  Ideally,  it  should  be  acquired  closest  tocrop  maturity, 
before  harvest  has  begun.  From  a  technical  standpoint,  it  is  interesting  to  note  that  the  slides  of  the  classified  image  can  be  perfectly  superimposed 
on  the  1 : 20  (XX)  scale  maps  without  applying  geometrical  corrections.  Lastly,  the  method  used  is  reliable  and  cost  effective,  and  we  do  not  hesitate 
to  recommend  the  method  for  conducting  inventory  work. 
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Introduction 

Un  important  projet  de  recherche  et  de  ddmonstration  a  dtd 
lancd  par  un  consortium  qudbdcois  dans  le  but  d'dvaluer  les  possibili- 
tds  de  valorisation  agricole  des  boues  de  stations  d'dpuiation  des  eaux 
usees  munieipales  (Gosselin  et  St-Yves,  1988).  Le  Groupe-conseil 
Roche  ltde  s'est  vu  confid  une  parde  du  travail,  dont  I'dvaluation  des 
terres  agricoles  disponibles  pour  I'dpandage.  Le  cas  h  I'dtude  est  celui 
de  la  station  d'dpuration  de  la  communautd  rdgionale  de  I'Outaouais 
situdo  ?.  Gatineau,  Qudbec. 

Le  Groupe-conseil  Roche  ltde  a  fait  appel  au  Centre 
d'applications  et  de  recherches  en  tdldddtection  (CARTEL)  de 
rUniversitd  de  Sherbrooke  pour  rdaliser  la  cartographic  des  terres 
agricoles  de  la  rdgion  comprise  entre  Pointe-au-Chene  et  Tile  du  Grand 


Calumet.  Le  mandat  confid  au  CARTEL  dtait  done  de  cartographier 
au  1 :20  000,  sur  fond  cadai ^al,  les  quatre  cultures  ou  groupes  de  cul¬ 
tures  suivants:  le  ma'is,  les  cdrdales,  les  fourrages  et  paturages  et  les 
autres  cultures.  De  plus,  lews  superficies  respectives  devaient  etre 
dvaludes. 

Compte  tenu  des  ddlais  trds  courts,  des  contraintes  budgdtai- 
res  et  de  la  ndcessitd  d'obtenir  ■  ne  cartographic  la  plus  h  jow  possible, 
seule  la  tdldddtecdon  satellitalre  pouvait  rdpondre  it  I'appel. 

Mdthode 

Nous  nous  sommes  inspirds  d'une  mdthode  mise  au  point  au 
Centre  canadien  de  tdldddtection  par  Bernier  et  Dupont  (1986).  Cette 
mdthode  consiste  essendellement  en  une  classificadon  supervise  d'une 
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image  du  capteur  Thematic  Mapper  (TM)  du  satellite  Landsat.  Elle  s'est 
avdrde  efTicace  dans  les  regions  agricoles  du  sud  du  Qudbec.  Les  deux 
principales  modifications  que  nous  avons  apportdes  4  cette  mdthode 
sont  I'omission  de  la  bande  spectrale  TMl  et  de  I’dtape  de  correction 
gdomdtrique.  Nous  avons  jugd  pouvoirapporterces  modifications  sans 
mettre  en  cause  la  quality  des  r^sultats  et  en  r^uisant  les  coQts  et  les 
d^lais  du  travail. 

Tous  les  traitements  ont  ^t6  effectu<s  sur  un  systime  de  traite- 
ment  d'images  ARIES  III  de  I'entreprise  Dipix  Systems  Ltd,  implantd 
sur  un  ordinateur  MicroVAX  II  de  Digital  Equipment  Corporation. 

Nous  avons  done  acquis  les  bandes  spectrales  3, 4  et  5  (rouge 
0,63-0,69  |im,  proche-infirarouge  0,76-0,90  lim  et  moyen-infrarouge 
1,55-1,75  urn)  de  I'lmage  TM  16/28  du  11  aoflt  1987.  Elle  avait  subi 
la  correction  gdom^trique  rudimentaire  du  systbme  MOSAICS  du 
Centre  canadien  de  tdidddtection,  qui  corrige  les  distorsions  dues  4  la 
rotation  et  4  la  courbure  de  la  terre,  4  la  v61ocit6  du  miroir  et  4  Tangle 
de  vue.  Elle  avait  aussi  subi  une  correction  radiom6trique  dldmentaire 
qui  minimise  le  lignage  et  augmente  le  contraste. 

Apris  avoir  lu  Timage  complete,  nous  avons  ct66  une  sous- 
image  couvrant  le  plus  exclusivement  possible  le  territoire  4  T6tude, 
ceci  afm  de  ne  traiter  que  la  surface  strictement  ndeessaire  et  ainsi 
rdduire  les  coQts  de  calcul. 

L'dtude  des  histogrammes  des  trois  bandes  spectrales  nous  a 
permis  de  d6finir  les  limites  des  dtalements  lindaires  de  contraste.  Notre 
but  dtant  d'obtenir  le  plus  de  contraste  possible  dans  la  vdgdtation,  nous 
avons  pu  saturer  les  extr^mitds  des  courbes  respectivement  en  noir  et 
en  blanc  et  ainsi  disposer  de  pius  d'amplitude  pour  la  v6g6tation.  Le 
but  de  Tdtalement  lin^aire  de  contraste  dtait  de  produire  des  photogra¬ 
phies  fausses  couleurs  au  1 :40  000  et  au  1  ;80  OCio  des  principales  zones 
agricoles  de  la  rdgion  afin  de  planifier  et  de  mener  les  rencontres  avec 
les  agronomes  et  la  visite  sur  le  terrain.  Pour  ce  faire  nous  avons  asso- 
cid  la  bande  TM5  au  faisceau  rouge,  la  bande  TM4  au  faisceau  vert  et 
la  bande  TM3  au  faisceau  bleu.  Sur  de  telles  images  composdes  faus¬ 
ses  couleurs  la  vdgdtation  verte  vivante  apparait  en  vert  contraitement 
aux  composdes  fausses  couleurs  traditionnelles  o4  elle  apparait  en 
rouge.  Cette  particularitd  s’est  avdrde  profitable  au  moment  de  presen¬ 
ter  les  images  aux  agronomes  et  aux  agriculteurs  qui  y  voyaient  une 
representation  plus  naturelle  du  territoire. 

L'inventaire  ayant  dtd  comniandd  au  CARTEL  au  printemps 
1988,  nous  n'avons  pu  recueillir  de  donndes  de  terrain  simultandment 
au  passage  du  satellite.  II  fallait  done,  huit  mois  plus  tard,  recueillir  le 
plus  de  donndes  possible  sur  les  cultures  de  la  saison  1987.  Nous  avons 
done  rencontrd  les  agronomes  rdgionaux  et  locaux  et  visitd  les  princi¬ 
pales  zones  agricoles  de  la  rdgion.  II  nous  a  dtd  possible  d'identifier  sur 
le  terrain,  aprds  la  fonte  de  la  neige,  la  plupart  des  cultures  de  Tdtd  1987. 
Les  champs  de  mais  et  de  cdrdales  laissent  en  effet  des  traces  caraetd- 
ristiques  et  les  champs  de  fourrages  ou  pSturages  sont  pour  la  plupart 
encore  dans  cet  dtat.  Les  cas  douteux  pouvaient  etre  dclaircis  par  des 
rencontres  avec  les  agriculteurs. 

Nous  avons  pu  ainsi  identifier,  sur  Timage,  ies  signatures  visuel- 
les  des  diffdrentes  cultures  et  ddterminer  des  sites  d'entrainement  pour 
la  classification  supervisde. 

Nous  avons  du  order  treize  classes  et  sous-classes  afin  de  cou- 


vrir  les  diffdrents  dtats  des  cultures  et  les  autres  types  d'occupation  du 
sol.  I  e  tableau  1  prdsente  ces  classes  et  sous-classes.  Nous  avons 
ensuite  proeddd  4  une  classification  par  maximum  de  vraissembiance 
(programme  ML  d'ARlES  III). 

Les  diffdrentes  sous-classes  de  cdidales,  de  fourrages  et  patu- 
rages  et  d'autres  cultures  n'ayant  dtd  erddes  que  pour  les  fins  de  la  clas¬ 
sification  automatique,  au  moment  de  prt^uire  les  diapositives  de 


pour  les  cdrdales,  une  classe  pour  les  fourrages  et  paturages  et  une  classe 
pour  les  autres  cultures. 

Les  diapositives  35  mm  couleurs  ont  dtd  erddes  avec  une  photo- 
imprimante  Quick  Colour  Recorder  de  I'entreprise  Imapro  Inc.  Nous 
avons  produit  une  diapositive  pour  chaque  carte  cadastraJe  au  1  ;20  (KK) 
afm  d'obtenir  un  maximum  de  ddfinition  lors  de  la  projection.  Cette 


demidre  s'est  faite  avec  un  projecteur  4  diapositives  standard  dquipd 


Classes  Sous-classes 

MaYs 

Cdrdales  Cdrdales  1 

Cdrdales  2 

Fourrages  et  pSturages  Fourrages  et  paturages  1 

Fourrages  et  paturages  2 
Fourrages  et  pSturages  3 
Fourrages  et  pSturages  4 


d’une  lentille  de  type  zoom  et  placd  de  fa^on  4  ce  que  le  faisceau 
lumineux  soit  perpendiculaire  4  la  carte  fixde  au  mur  sur  un  fond  blanc. 
Le  tragage  a  dtd  fait  4  la  main  en  interprdtant  ies  relations  entre  Timage 
classifide  et  le  fond  cadastral.  La  prdsence  des  limites  cadastrales 
permettait  dans  de  nombreux  cas  de  fixer  pius  prdcisdment  les  limites 
des  champs  agricoles. 

Paralldlement  au  travail  oe  tra^age,  nous  avons  fait  calculer 
automatiquement  les  surfaces  des  diffdrentes  classes.  Un  facteur  de 
correction  a  dfl  6tre  utilisd  pour  les  cdrcaies  4  cause  d’une  sur-dvalua- 
tion  due  4  des  facieurs  que  nous  verre  ns  plus  loin.  L’  figure  1  illustre 
schdmatiquement  la  mdthode  que  nous  venons  Je  decrire. 

RdsuUats 

Les  reproductions  photographiquesau  l:40(XX)etau  1:80000, 
rehaussdes  par  dtalement  lindaire  de  contraste,  se  sont  avdrdes  trds 
efficaces  pour  planifier  et  mener  les  travaux  de  terrain  et  pour  identi¬ 
fier  les  signatures  visuelles  des  diffdrentes  cultures.  Elies  s'inteiprdtent 
de  la  meme  fa^on  et  avec  autant  de  prdcision  que  des  photographies 
adriennes  aux  memes  dchelles  et  offrent  beaucoup  de  subtilitd  dans  les 
cultures.  Les  points  de  repdre  classiques,  comme  les  voies  de  circula¬ 
tion,  les  limites  cadastrales,  les  groupes  de  bStiments,  les  cours  d'eau, 
les  lalwegs  et  les  boisds,  sont  facilement  idcntifiables  et  facilitent  les 
travaux  de  terrain. 

L'absence  de  donndes  de  terrain  prises  simultandment  au 
passage  du  satellite  nous  plagait  dans  une  position  apparemment 
prdcaire.  Heureusement,  nous  avons  constatd  qu'il  est  encore  possible, 
au  printemps  suivant  la  saison  4  Tdtude,  d'identifier  la  plupart  des 
cultures.  Le  mais  est  reconnaissable  par  '.es  nombreux  ddbris  grossiers 
qu'il  laisse  sur  le  champs.  Les  cdrdales  sont  reconnaissables  par  des 
rangdes  bien  nettes  de  tiges  ccupdcs.  Les  champs  de  fourrages  et 
paturages  sont  idcntifiables  pour  letu  part  par  leur  tapis  tids  dense.  Les 
exploitations  de  tabac  sont  reconnaissables  par  les  ensembles  de 
bitiments  caraetdristiques  qu'on  trouve  prds  des  champs. 

Les  cas  douteux  et  les  autres  cultures  pouvaient  etre  identifids 
par  les  agronomes  rdgionaux  ou  locaux  ou  par  les  agriculteurs  qui  se 
sont  monirds  trds  rdeeptifs  aux  images  sateliitaires.  Us  assimilaient  trds 
rapidement  les  notions  d'dchelle  et  de  signature  spectrale  des  champs 
CultiVvS.  L'ttpparcncc  naturelle  de  nos  images  lausscs 

couleurs  y  dtait  sQrement  pour  beaucoup,  du  moins  lors  du  premier  coup 
d’oeil. 

L'dtape  de  ddiimitation  des  sites  d'entrainement  s'est  ddrould 
trds  facilement.  Les  images  TM  offre  une  rdsolution  spatiale  permet- 
tant  de  ddlimiter  prdcisdment  ia  plupart  des  champs.  L'dtape  de  classi¬ 
fication  automatique  a,  pour  sa  part,  donner  lieu  4  un  minimum  de 
confusion  entre  les  diffdrentes  classes  4  cartographier. 
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Figure  1:  Sh^ma  de  la  m4thodc 


Au  moment  de  choisir  de  ne  pas  faire  de  corrections  g^omdtri- 
que,  notre  hypothfese  ^  tait  que  I'image  TM  grossiftrement  corrig&  serait 
assez  juste  pour  se  superposer  presque  parfaitement  h  une  petite  sur¬ 
face  comme  une  carte  cadastrale  au  1 :20  000.  Cette  hypothfese  s'est 
avdr^e  Juste  et  seules  quelques  manipulations  de  projecteur  et  de  len- 
tille  dtaient  ndcessaires  pour  supetposer  les  diapositives  de  Timage  clas- 
sifi^e  sur  les  cartes  cadastrales.  Les  voies  de  circulation  et  les  hmites 
cadastrales  ^taient  les  principaux  points  de  repfere  servant  ^  guider  la 
superposition.  Encore  !&,  la  nfsolution  spatiale  de  TM  ^tait  bien  adap- 
tde  &  une  cartographie  au  1 :20  000. 

Discussion 

Bernier  et  Dupont  (1986)  recommandent  d'utiliser  une  image 
enregistr&  entre  la  mi-juillet  et  la  fin  d'aout,  il  nous  semble  cependant 
que  I'image  doit  etre  choisie  plus  pr6cis^ment  en  function  de  la  region 
&  I'dtudc  et  des  caract^ristiques  climatiques  de  la  saison  en  question. 
L'image  choisie  sera  probablement  situte  dans  la  majority  des  cas  entre 
la  mi-juillet  et  la  fm  d'aout  mais,  dans  un  cas  particulier,  une  image  du 
milieu  de  jiiilletnii  dela  fin  d'anfit  nnnrrait  ne  nasetre  satitfaisante  di) 
tout. 

Le  principal  problSme  est  I'identification  des  cdr^ales.  Trop  tot 
dans  la  saison,  elles  se  confondent  avec  les  fourrages  et  paturages  alors 
que  trop  tard  elles  sont  recoltdes  et  se  confondent  avec  les  surfaces  non- 
vdgdtalisdes.  A  ce  dernier  moment,  elles  peuvent  meme  se  prdsenter 
dans  plusieurs  dtats  diffdrents;  champs  avec  chaume,  champ  ddchau- 
mds,  champs  avec  repousse  de  foin,  etc. 


L'image  iddale  se  situe  it  la  maturitd  dc.s  cdrdales  mais  avant  que 
la  idcolte  n'ait  commencd.  Ce  moment  ddpend  dvidemment  de  la  rdgion 
et  des  condidons  climatiques  de  la  saison  complete  de  culture.  II  est 
facile  de  connattie  les  conditions  climatiques  d'une  saison  particulidre 
et  meme  la  date  approximative  du  ddbut  de  la  rdcolte  en  consultant  les 
agronomes  rdgionaux  et  locaux. 

La  saison  1987  a  dtd  particulidrement  favorable  en  (^utaouais 
et  le  1 1  aoQt  plusieurs  champs  de  cdrdales  avaient  dtd  rdcoltds.  Cette 
date  dtait  done  trop  tardive  dans  ce  cas  particuher.  Malheureusement, 
il  n'existait  pas  d'autres  images  mieux  adaptdes  d  nos  besoins.  Les 
caraetdristiques  de  passage  du  satellite  Landsat  et  le  climat  canadien 
restreignent  les  probabilitds  d'obtenir  plusieurs  images  sans  nuages  au 
cours  d'une  meme  saison  de  culture.  On  risque  done  de  se  trouver  assez 
souvent  devant  I'obligation  d'utiliser  des  images  pas  tout  it  fait  adap¬ 
tdes  d  I'application  ddsirde. 

Dans  notre  cas,  il  a  dtd  impossible  de  distinguer  automatique- 
ment  les  cdrdales  de  certains  autres  objets  tels  les  jachdres,  les  routes, 
les  gravidres  et  sablidres,  les  ddpotoirs  et  les  tdsidus  miniers.  Au 
moment  du  report  sur  les  cartes,  il  dtait  facile  d'identifier  ces  confu¬ 
sions  par  le  contexte  et  de  les  cotiiger;  par  contte,  au  moment  du  cal- 
cul  automatique  des  superficies,  il  a  fallu  dvaluer  la  vraie  superficie  de 
la  classe  cdrdales  en  soustrayant  un  certain  pourcentage  associd  aux 
objets  avec  lesquels  il  y  avait  confusion. 

Nous  jugeons  opportun  de  rappeler  I'importance  de  erder,  au 
moment  de  la  classification  automatique,  autant  de  classes  pour  cha- 
que  culture  qu'il  y  a  d'dtats  dans  lesquels  cette  culture  se  prdsente.  Par 
exemple,  le  !1  aoflt  1987,  les  champs  de  fourrages  et  paturages  pou- 
vaient  se  prdsenter  dans  les  dtats  suivants;  foin  fraichement  coupd  et 
ramassd,  foin  fraichement  coupd  et  couchd  sur  le  sol,  foin  en  croissance, 
foin  d  mamritd,  etc.  n  est  done  impensable  de  demander  d  un  algorithme 
de  classification  quel  qu'il  soit  de  classifid  une  classe  aussi  large.  Il  est 
de  loin  prdfdrable  de  faire  autant  de  classes  que  d'dtats  et  de  regrouper 
ces  classes  en  leur  assignant  une  mdme  couleur  au  moment  de  la  visua¬ 
lisation. 

Conclusion 

La  mdthode  que  nous  avons  utilisde  pour  ce  travail  est  trds 
efficace  et  nous  n'hdsitons  pas  d  la  recommander  pour  d'autres  travaux 
du  meme  genre.  Les  images  du  capteur  Thematic  Mapper,  ayant  une 
rdsolution  spatiale  de  30  m  par  30  m,  so.nt  bien  adaptdes  pour  couvrir 
une  rdgion  comme  celle  de  la  prdsente  dtude  et  offrent  une  prdcision 
des  contours  trds  satisfaisante.  De  plus,  lorsqu'elles  sont  de  bonne 
qualitd  et  qu'en  particulier  on  n'y  trouve  pas  de  voile  d'humiditd  atmos- 
phdrique,  elles  contiennent  beaucoup  d'information  sur  le  territoire 
agricole  et  les  cultures. 

Avant  d'acqudrir  une  image,  nous  recommandons  aux  utilisa- 
teurs  de  s'informer  auprds  des  agronomes  rdgionaux  et  locaux  et,  si 
ndeessaire,  auprds  des  agriculteurs  eux-memes,  des  conditions  clima¬ 
tiques  de  I'annde  d  I'dtude  et  du  moment  approximatif  de  la  rdcolte  des 
cdrdales.  Si  une  image  prise  juste  avant  ces  rdcoltes  dtait  disponible, 
ceci  dviterait  la  confusion  entre  cdrdales  et  sols  nus. 

La  mdthode  de  report  par  projection,  bien  que  pdnible  pour  les 
yeux  du  cartographe,  est  efficace  et  peu  coQteuse.  Il  est  d  noter  qu'il 
n'a  pas  dtd  ndeessaire  de  faire  de  correction  gdomdtrique  d  l'image  TM 
pour  qu'elle  se  supei-pose  presque  parfaitement  aux  cartes  au  1  ;20  (XX). 
Ceci  dvite  des  manipulations  longues  et  coQteuses  en  temps  d'opdrateur 
et  de  calcul. 
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ABSTRACT 

The  University  of  Texas  at  Austin  and  the  USDA  at  Weslaco,  Texas  have  begun  a  cooperative 
program,  that  has  support  from  the  local  cotton  industry,  to  evaluate  agricultural  applications 
of  multispectral  satellite  imagery  in  the  Rio  Grande  Valley  (RGV).  The  primary  application 
studied  was  that  of  monitoring  defoliated  cotton  ( Gossvpium  hirsutum  L.)  stalk  destruction  for 
pink  bollworm  (Pectinophora  gossvpiella  [Saunders])  control.  Satellite  scenes  acquired  on  July 
17,  October  2,  and  November  13,  1988,  indicated  that  other  useful  agricultural  management 
applicacions  would  be  possible  including  mapping  of  saline  soil  and  cotton  root  rot 
occurrence.  Initial  results  indicate  that  20  meter  resolution  multispectral  satellite  imagery 
IS  sufficient  for  on  farm  management  decisions  about  individual  fields. 

KEYWORDS 

Cotton,  Pink  BollWorm,  Boll  Weevil,  Stalk  Destruction 


INTRODUCTION 

Pink  bollworm  (Pectinophora  gossvpiella 
[Saunders])  and  boll  weevil  ( Anthonomus 
qradis  Boheman)  are  the  most  destructive 
insect  pests  of  cotton  (Gossvpium  hirsutum 
L. )  in  the  United  States.  Under  the  mild 
climate  of  south  Texas  cotton  is  a  perennial 
such  that  cotton  plants  that  are  not 
destroyed  after  the  late  summer  harvest 
provide  a  food  source  that  supports  a  large 
population  of  bollweevils  over  the  following 
winter  (Summy  et  al.,  1988).  These  weevils 
cause  severe  economic  damage  to  the  cotton 
crop  during  the  next  growing  season.  State 
legislation  was  passed  in  1987  which 
requires  all  Texas  cotton  farmers  to  destroy 
the  stalks  in  September  after  the  harvest. 
Usually  stalk  destruction  is  done  by 
plowing,  hence  the  descriptive  term 
plow-down  to  describe  plant  destruction  for 
the  cotton  plow-down  program. 

Through  proper  management  of  the  cotton 
plow-down  program  it  is  estimated  that 
farmers  in  the  Rio  Grande  Valley  (RGV)  could 
save  as  much  as  $15  million  in  pesticide 
spraying  costs  and  reduce  pesticide  usage  as 
much  as  400,000  gallons  per  year  on  the 
300,000  acres  of  cotton  generally  grown  in 
the  RGV  (Summy  et  al.,  1988).  Chemical 
runoff  as  well  as  direct  and  indirect 
negative  environmental  effects  on  humans  and 
other  crops  would  be  greatly  reduced  as 
well. 

Adequate  monitoring  is  critical  for 
effective  management  of  the  cotton  plow-down 
program  because,  even  though  most  farmers 


comply  with  the  law,  the  potential  for  large 
scale  infestation  by  very  small  acreages 
of  residual  cotton  is  high.  Currently,  the 
USDA-ARS  conducts  high  altitude  flights  and 
compares  aerial  color  infrared  (ACIR) 
photography  from  June-July  with  that  from 
October  and  November  to  determine  the 
location  of  cotton  which  has  not  been 
destroyed.  A  two  year  cooperative  program 
between  the  University  of  Texas  at  Austin 
and  the  USDA-ARS  at  Weslaco,  Texas,  that  has 
support  by  the  local  cotton  industry,  was 
initiated  to  investigate  the  use  of  high 
resolution  multispectral  satellite  imagery 
for  monitoring  the  cotton  plow-down  program 
in  the  RGV.  In  the  course  of  this  program 
additional  agricultural  management 
applications  of  potential  benefit  to  farmers 
in  the  RGV  have  also  been  identified. 

EXPERIMENTAL  METHODS 

A  6.4  by  4.4  km  (4.00  by  2.75  mile)  test 
site  located  between  Elsa  and  Weslaco, 
Texas,  (north  latitude  =  26.23°,  west 
longitude  =  97.96°)  was  selected  to 
monitor  the  RGV  cotton  plow-down  program 
using  SPOT*  multispectral  satellite 
imagery  acquired  on  July  17,  October  2,  and 
November  13,  1988.  Aerial  color  infrared 
photographic  imagery  (ACIR)  was  also 
obtained  for  July  15,  1988.  The  cotton 
plow-down  program  and  other  possible 
agricultural  applications  visible  in  the 
satellite  imagery  were  evaluated  by 
comparison  with  the  ACIR  imagery. 


▲ 


817 


RESULTS  AND  DISCUSSION 

Green  vegetation  appears  as  red  in  the 
October  2,  1988,  satellite  false  color  image 
(Fig.  1).  The  shades  of  red  change  from 
light  to  dark  corresponding  to  changes  of 
vegetation  amounts  from  sparse  to  dense. 
The  satellite  image  is  annotated  by  a 
quarter  mile  row  and  column  grid  system. 
Most  vegetation  shown  in  this  October  scene 
is  either  sugarcane,  such  as  the  field 
located  at  rows  5  and  6  in  columns  6  and  7, 
or  vegetables,  such  as  the  corn  field 
located  at  rows  7  and  8  in  columns  4  and  5. 
All  cotton  should  have  been  harvested  and 
plowed-down  before  September  15,  1988. 

However,  there  were  two  fields  of 

undestroyed  cotton  remaining  after  the 
September  15,  1988,  cotton  plow-down 
deadline,  that  appear  in  the  SPOT  satellite 
imagery  at  rows  9  and  11  in  column  1.  There 
is  a  citrus  orchard  located  between  these 
two  cotton  fields. 

Field  visits  in  October  showed  that  the 
cotton  in  these  two  fields  (Fig.  1)  had  been 
defoliated  and  then  harvested  but  had  not 
been  shredded  and  plowed  down.  Thus,  the 
cotton  left  in  these  two  fields  refoliated 
producing  the  red  signature  characteristic 
of  green  vegetation  and  could  harbor  boll 
weevils  over  the  1988  winter  period  if  not 
eventually  plowed-down.  These  boll  weevils 
could  then  become  a  problem  for  the  1989 
summer  cotton  season.  Most  cotton  fields  in 
this  area  were  properly  plowed  down,  such  as 
the  field  located  at  row  14  in  columns  8  and 
9,  and  is  now  void  of  cotton  regrowth. 

In  actual  operations  satellite  images 
before  and  after  the  September  15  cotton 
plow-down  program  deadline  would  be  compared 
to  locate  cotton  that  has  not  been 
destroyed.  The  University  of  Texas  at 
Austin,  in  cooperation  with  the  USDA-ARS, 
Remote  Sensing  Unit,  at  Weslaco,  is 

developing  computer  aided  image  processing 
techniques  to  make  these  comparisons 

automatically.  When  developed,  these  image 
processing  techniques  could  become  part  of  a 
satellite  monitoring  system  that  could  save 
agriculture  in  the  Rio  Grande  Valley 

millions  of  dollars  a  year  in  chemical  costs 
for  control  of  the  pink  bollworm. 

The  20  meter  resolution  of  the  SPOT 
satellite  imagery  is  also  capable  of  mapping 
areas  of  cotton  root  rot  (Nixon  et  al., 
1975),  a  fungal  disease  ( Phvmatatricham 
omnivorum)  of  the  soil,  and  salinity 
(Everitc  et  al.,  1988)  in  cotton  and  sorghum 
crops.  Root  rot  and  salinity  cannot  be 
monitored  using  October  satellite  images 
because  these  problems  can  be  mapped  only 
during  the  growing  season  when  there  is 
vegetation  growing.  However,  one  example  of 
soil  salinity  effect  can  be  seen  in  the 
light  colored  soil  in  the  center  of  the 
field  that  contained  cotton  at  low  14  in 
columns  8  and  9.  Imagery  acquired  during 
the  growing  season,  July  17,  showed  that  the 


•Trade  names  are  included  in  this 
manuscript  for  the  benefit  of  the  reader  and 
do  not  imply  a  preference  for  the  products 
listed  by  the  U.  S.  Department  of 
Agriculture. 


cotton  crop  in  this  area  was  very  sparse 
because  of  the  soil  salinity  effects.  Root 
rot  also  causes  a  decrease  in  plant  cover 
similar  to  soil  salinity  effects. 

Irrigated  fields  can  be  detected,  such 
as  the  fields  at  row  2  and  columns  7,  9,  and 
10  (Fig.  1)  because  wet  fields  appear  as 
dark  in  the  false  color  satellite  imagery. 
The  ability  to  detect  excess  soil  moisture 
could  be  useful  during  periods  following 
heavy  rainfall  or  to  detect  and  manage 
fields  that  are  not  draining  properly. 

Recent  problems  in  the  Rio  Grande  Valley 
with  citrus  black  fly  (Coccus  hesperiduru 
L.)  infestations  can  also  be  mapped  using 
the  satellite  imagery.  The  dark  vertical 
strip,  located  at  row  8  and  column  11  in  the 
October  satellite  image  (Fig.  1),  is  a 
citrus  orchard  just  affected  by  citrus  black 
fly.  The  black  fly  produces  a  black  sooty 
mold  fungus  (Caonodium  citri  Berk,  and 
Desm. )  on  the  surfaces  of  citrus  leaves 
resulting  in  the  dark  reflectance  signature 
shown  in  this  satellite  image  (Gausman, 
1971).  If  untreated,  the  sooty  mold  reduces 
the  productivity  and  economic  value  of  a 
citrus  orchard.  Biological  methods  that 
utilize  blackfly  parasites  is  the  method 
generally  used  to  control  black  fly.  A 
earlier  July  satellite  and  ACIR  image 
indicated  that  the  field  was  still  normal  in 
appearance. 

Two  acres  of  Kenaf  (Hibisous 
cannabinus) ,  located  at  the  north  USDA-ARS 
research  farm  can  be  see  at  row  9  in  columns 
10  and  11  (Fig.  1).  The  Kenaf  is  the  small 
red  square  in  the  center  of  the  farm  that  is 
largely  bare  of  experimental  crops  at  this 
time  of  year.  Kenaf  is  being  considered  as 
a  crop  for  the  R6V  that  will  be  economically 
important  for  the  production  of  paper. 
Thus,  monitoring  Kenaf  could  be  a  future 
agricultural  management  requirement  for  the 
RGV. 

CONCLUSIONS 

The  cooperative  program  between  the 
University  of  Texas  at  Austin  and  the 
USDA-ARS  at  Weslaco,  Texas  shows  promise  of 
bringing  high  technology  aerospace 
techniques  to  the  management  of  agriculture 
for  the  farmer.  This  technology  should 
allow  monitoring  of  many  different 
agricultural  management  problems  in  the  Rio 
Grande  Valley  of  south  Texas.  The  advent  of 
20  meter  multispectral  satellite  imagery  and 
the  availability  of  inexpensive  image 
processing  and  geographic  information 
systems  as  well  as  inexpensive  yet  powerful 
microcomputer  systems  means  that  the  remote 
sensing  satellite  technology  developed  over 
the  last  twenty  years  could  become  available 
for  on  farm  as  well  as  on  ranch 
implementation. 
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Figure  1.  Multlspecrral 
south  Texas  acquired 
15,  1988,  plow-down 


scanner  SPOT  Imsoery  for  cotton  plow— Homo  gtiiHy  area  in  the  Hio  Grande  Valle—  of 
on  October  2,  1988.  Two  fields  of  undestroycd  cotton  remained  after  the  September 
deadline  at  rows  9  through  11  In  column  1. 
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Abstract 

To  design  and  implc  nt  knowledge-based  systems 
for  perceptual  tasks,  t  as  interpreting  remotely- 
sensed  data,  we  must  first  'uate  the  appropriateness 
of  current  expert  system  meuiodology  for  these  tasks. 
That  evaluation  leads  to  four  conclusions  which  form 
the  basis  for  the  theoretical  and  practical  work  described 
in  this  paper.  The  first  conclusion  is  that  we  should 
build  ‘cooperative  systems’  that  advise  and  cooperate 
with  a  human  interpreter  rather  than  ‘expert  systems’ 
that  replace  her.  The  second  conclusion  is  that  cooper¬ 
ative  systems  should  place  the  user  and  the  system  in 
symmetrical  roles  where  each  can  query  the  other  for 
facts,  rules,  explanations  and  interpretations.  The  third 
conclusion  is  that  most  current  expert  system  technol¬ 
ogy  is  ad  hoc.  Formal  methods  based  on  logic  lead  to 
more  powerful,  and  better  understood  systems  that  are 
just  as  efficient  when  implemented  using  modem  Pro¬ 
log  technology.  The  fourth  conclusion  is  that,  although 
the  first  three  conclusions  can  be,  arguably,  accepted  for 
high-level  rule-based  symbol-manipulation  tasks,  there 
are  difficulties  in  accepting  them  for  perceptual  tasks 
that  rely  on  visual  expertise.  In  the  rest  of  the  paper 
work  on  overcoming  those  difficulties  in  the  remote 
sensing  environment  is  described.  In  particular,  the  is¬ 
sues  of  representing  and  reasoning  about  image  forma¬ 
tion,  map-based  constraints,  shape  descriptions  and  the 
semantics  of  depiction  are  discussed  with  references  to 
theories  and  prototype  systems  that  address  them. 

Keywords:  Cooperative  systems,  expert  systems,  map 
interpretation,  remote  sensing,  perceptual  tasks,  shape 
description,  depiction. 


1.  Introduction 

The  aim  of  this  paper  is  to  present  a  research  pro¬ 
gram  underpmning  the  design  and  implementation  of 
cooperative  systems  for  perceptual  tasks  in  a  remote 
sensing  environment.  The  need  for  the  program  is  mo¬ 
tivated  by  an  analysis  of  current  expert  system  technol¬ 
ogy  and  the  requirements  of  perceptual  tasks. 

2.  Expert  Systems 

Expert  system  technology  has  extended  the  range  of 
problems  amenable  to  computer-based  solutions.  The 
classic  view  of  an  expert  system  is  that  it  is  a  com¬ 
puter  program  that  satisfies  the  following  requirements 
(Walker  et  al.,  1987).  It  must  solve,  or  help  to  solve,  an 
important  problem  that  would  otherwise  require  human 
expertise  and  judgement.  It  must  integrate  new  knowl¬ 
edge  incrementally  into  the  knowledge  base.  It  must 
help  the  designer  and  user  elicit,  organize,  display  and 
transfer  knowledge.  It  must  provide  explanations  of  its 
advice.  It  must  reason  with  inexact  and  exact  knowl¬ 
edge.  Finally,  it  must  support  a  readable  and  natural 
user  interface.  To  satisfy  these  requirements  an  expert 
system  must  have  a  knowledge  base  of  facts  and  rules, 
and  a  rule  engine  for  deriving  new  facts  and  establishing 
goals.  In  addition  it  may  have  an  explanation  genera¬ 
tor,  methods  for  acquiring  and  encoding  new  knowledge 
and  a  dialogue  handler  for  the  user  interface. 

The  standard  task  classification  for  expert  systems 
fStefik  et  fl/..19P  t  breaks  the  applications  into  the  fol¬ 
lowing  six  generic  task  domains:  interpretation,  diagno¬ 
sis,  monitoring,  prediction,  planning  and  design.  Prob¬ 
lems  in  these  domains  have  in  common  the  character¬ 
istic  that  their  space  of  possible  solutions  is  very  large, 
ruling  out  a  generate-and-test  exhaustive  enumeration 
algorithm.  In  addition  the  tasks  may  require  tentative 
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reasoning  with  incomplete  knowledge  on  time-varying, 
noisy  or  incomplete  data. 

On  the  face  of  it  then,  current  expert  system  tech¬ 
nology,  as  embodied  in  rule-based  shells,  is  ideal  for  in¬ 
terpretation  tasks  in  a  remote  sensing  environment  such 
as,  say,  updating  a  forest  cover  map  based  on  satellite 
imagery,  a  digital  elevation  model  and  an  earlier  for¬ 
est  cover  map.  But,  in  fact,  that  is  far  from  the  case; 
we  shall  examine  why  this  is  so  and  what  can  be  done 
about  it. 

3.  Cooperative  Systems 

There  are  essentially  two  reasons  why  current  expert 
system  technology  is  inappropriate  for  most  perceptual 
tasks.  First,  it  doesn’t  work  very  welt.  Second,  it  takes 
us  in  the  wrong  direction.  It  doesn’t  work  for  a  variety 
of  reasons,  but  basically  becau.<:e  it  fails  to  build  internal 
models  of  the  process  it  is  trying  to  understand. 

Attempts  to  build  diagnosis  systems  that  reason 
about  the  structure  and  function  of  the  device  to  be  diag¬ 
nosed  are  leading  to  better  performance.  This  is  known 
as  ‘diagnosis  from  first  principles’  or  ‘model-based  rea¬ 
soning’.  We  must  do  the  same  for  interpretation  tasks. 

When  I  say  it  takes  us  in  the  wrong  direction,  I 
mean  simply  that  trying  to  build  a  program  to  replace 
a  human  expert  represents  an  attempt  to  de-skill  the 
task.  It  is  not  likely  to  lead  to  strong  support  from 
the  expert;  moreover,  if  the  program  caiuiot  interact  in 
terms  of  models  the  expert  understands  the  prospect  of 
effective  knowledge  transfer  is  minimal. 

This  rationale  lies  behind  arguments  for  designing 
and  building  prototype  ‘cooperative  systems’  that  ad¬ 
vise  and  cooperate  with  an  expert,  or  a  novice,  inter¬ 
preter.  Such  systems  are  ‘cooperative’  in  another  sense 
as  well.  We  envisage  a  cooperative  system  having  a 
variety  of  knowledge  sources,  including  the  user,  and 
allowing  them  to  cooperate  to  arrive  at  a  mutually  con¬ 
sistent  interpretation. 

For  example,  given  that  standard  maximum  like¬ 
lihood  methods  can  produce  partially  correct  classifi¬ 
cation  results  based  on  spectral  signatures  (subject  to 
several  restrictive  assumptions),  the  user  could  sketch 
a  map  on  the  image,  allowing  a  sketch  map  interpre¬ 
tation  program  to  interpret  the  map.  .supplying  spatial 
constraints  and  context  sensitivity  to  a  spectral  segmen¬ 
tation  knowledge  source.  Such  a  cooperative  system 
has  been  realized  (Glicksman,  1983;  Havens  and  Mack- 
worth,  1983). 

For  such  systems  to  succeed,  the  user,  who  is  an 
active  participant  in  a  cooperative  system,  must  come 


to  tnist  tlie  other  components.  This  will  only  occur 
if  the  other  components  are  seen  to  be  transparent 
and  reliable.  Perhaps  the  only  way  to  ensure  this  is 
to  place  the  user  and  each  component  in.  symmetrical 
roles  where  each  can  query  the  other  for  facts,  rales, 
explanations,  interpretations  and  justifications.  This 
approach  to  interfaces  for  knowledge-based  systems  has 
been  called  the  QUARFE  interface  since  it  is  based  on 
a  protocol  that  allows  Questions,  Answers,  Rules,  Facts 
and  Explanations  (van  Emden,  1988). 

Much  current  expert  system  technology  is  ad  hoc. 
The  programs  are  large,  complex,  opaque,  and  unreli¬ 
able.  When  an  answer  is  computed  its  relation  to  the 
input  is  unclear  and  when  new  rales  are  added  they  in¬ 
teract  with  old  rales  in  unexpected  ways.  These  prob¬ 
lems  lead  to  major  difficulties  in  scaling  up  from  small 
projects  to  large  ones.  By  implementing  the  rale  inter¬ 
preter  in  Prolog  as  an  extension  of  the  standard  Prolog 
interpreter  (Sterling  and  Shapiro,  1986)  one  can  add 
facilities  that  implement  the  QUARFE  interface.  This 
also  allows  one  to  know  that  a  conclusion  drawn  by 
a  component  is  a  logical  consequence  of  its  facts  and 
rales.  This  enables  the  user  to  trust  the  component  be¬ 
cause  it  is  transparent  and  reliable.  Moreover,  one  can 
implement,  in  the  rale  interpreter,  schemes  for  repre¬ 
senting  inexact  knowledge  based  on  a  formal  Bayesian 
theory  of  probability  without  paying  the  price  of  losing 
the  clear  semantics  of  first  order  logic  (Poole,  1989). 


4.  Remote  Sensing  Tasks  Requirements 


Although  the  conclusions  of  the  previous  section  re¬ 
garding  the  need  for,  and  structure  of,  cooperative  sys¬ 
tems  may  be,  arguably,  accepted  for  high-level  symbol 
manipulation  tasks  there  are  major  hurdles  on  the  path 
of  implementing  them  for  perceptual  tasks  that  rely  on 
visual  expertise.  In  this  section  we  mention  some  of 
those  difficulties  and  describe  some  work  on  overcom¬ 
ing  them. 


A  cooperative  system  whether  it  be  for  diagnosis  or 
interpretation  must  represent,  and  reason  about,  the  un¬ 
derlying  physical  reality  it  is  dealing  with  by  construct¬ 
ing  an  adequate  model  of  that  reality.  For  perceptual 
interpretation  tasks  the  image  formation  process  must  be 
thoroughly  modelled.  We  cannot  make  simple  assump- 

tiCn3  such  aS  assuming  that  miagc  lITaui^Cc  iS  a  fUilC* 

tion  solely  of  a  scalar  surface  albedo  which  uniquely 
characterizes  the  ground  cover.  Models  of  the  optics 
of  image  formation  including  distributed  illumination 
sources,  scattering  and  haze,  surface  elevation,  slope 
and  aspect,  non-Lambertian  surface  reflectance  and  so 
forth  as,  for  example,  in  (Woodham  et  al.,  1985)  and 
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(Woodham  and  Gray,  1987)  are  essential. 

These  models  capture  the  optical  constraints  of  the 
task,  and  they  are  necessary  but  they  are  not  sufficient. 
There  are  often  non-optical,  physical  and  perhaps  even 
cultural,  constraints  that  must  be  modelled.  The  user 
and  the  various  components  of  the  cooperative  system 
must  be  able  to  communicate  questions,  answers,  rules, 
facts  and  explanations  about  such  constraints  easily.  Al¬ 
though,  a  component  can  model  these  constraints  inter¬ 
nally  using  sentences  in  predicate  calculus,  at  the  user 
interface  they  must  be  represented  visually  using  the 
graphical  formatting  conventions  that  have  developed 
into  the  language  of  maps. 

In  our  Mapsee  project  we  have  designed,  imple¬ 
mented  and  tested  a  series  of  computer  programs, 
Mapsee-1,  Mapsee-2  and  Mapsee-3,  for  interpreting 
sketch  maps  of  geographic  regions.  Mapsee-2  and 
Mapsee-3  use  schemas  to  represent  and  reason  with  a 
variety  of  constraints  (e.g.  ‘roads  must  be  on  land’,  ‘a 
shoreline  bounds  a  land  region  on  one  side  and  a  wa¬ 
ter  region  on  the  other’,  .  .  .)  to  achieve  a  consistent 
interpretation  of  the  map.  See  (Mulder  et  al.,  1988)  for 
an  overview  of  the  Mapsee  project.  As  mentioned  in 
Section  3,  Mapsee  has  been  used  to  provide  a  visual  in¬ 
terface  to  an  interpreter,  allowing  him  or  her  to  sketch 
features  over  aerial  images  of  small  towns  (Glicksman, 
1983).  The  Mapsee  interpretation  of  the  sketch  is  then 
used  to  provide  tight  contextual  constraints  to  a  tra¬ 
ditional  maximum  likelihood  classifier.  This  illustrates 
the  cooperative  principle;  the  user  and  the  system  com¬ 
ponents  each  contribute  their  expertise  to  arrive  at  a 
shared  goal. 

In  general  then,  a  cooperative  system  for  remote 
sensing  tasks  must  accept  images  in  various  forms  as 
‘facts’  from  the  user.  In  order  to  be  useful  these  im¬ 
ages  must  be  referred  to  a  canonical  coordinate  sys¬ 
tem  and  interpreted  into  a  conunon  framework.  But 
we  should  not  require  the  user  to  provide  a  map  reg¬ 
istered  to  an  image  or  to  carry  out  manual  registra¬ 
tion  through  the  use  of  ground  control  points.  Sensor- 
based  raster  imagery  must  be  automatically  registered 
to  map-based  vector  data.  Both  the  raster  imagery  and 
the  vector  imagery  may  be  provided  at  many  differ¬ 
ent  scales.  Good  descriptions  and  multiscale  matching 
techniques  are  necessary  for  registration.  Recently  we 
have  developed  techniques  that  smooth  contours  in  a 
path-based  coordinate  system.  These  techniques  have 
certain  properties  that  are  essential  for  matching  pur¬ 
poses  (Mackworth  and  Mokhtarian,  1988).  We  have 
also  developed  a  system  that  exploits  this  representa¬ 
tion  to  achieve  automated  registration  of  Landsat  MSS 


data  to  a  map  database  (Mokhtarian  and  Mackworth, 
1986). 

The  user  interacts  with  a  perceptual  cooperative 
system  visually  -  by  drawing  and  reading  sketch  maps, 
for  example,  rather  than  typing  sentences.  On  the  other 
hand,  we  concluded  in  Section  3  that  such  a  system 
should  use  a  formal  logic  as  its  internal  representation 
language.  (Or,  at  least,  it  can  be  characterized  as  so 
doing  -  it  may  not  be  implemented  that  way.)  This 
leaves  a  chasm  to  be  bridged:  we  need  a  logical  theory 
of  the  semantics  of  maps.  We  describe  such  a  theory  for 
diagrams  in  general  in  (Reiter  and  Mackworth,  1989). 
This  logical  framework  requires  the  implementer  to 
write  a  set  of  sentences  in  first  order  predicate  calculus 
to  describe  the  image,  another  set  to  describe  the  scene 
and  a  third  set  to  describe  the  image-scene  depiction 
mapping.  These  sentences  can  include  general  facts 
about  a  class  of  images  (the  set  of  all  maps,  say) 
-  what  image  objects  can  appear  in  them,  how  they 
relate  and  so  on  -  and  also  facts  about  a  particular 
image.  An  interpretation  of  a  diagram  is  defined  to  be 
a  logical  model  of  the  complete  set  of  sentences.  An 
implementation  of  this  theory  now  exists  in  prototype 
form  for  a  restricted  class  of  maps. 

5,  Conclusion 

hi  summary,  knowledge-based  systems  for  percep¬ 
tual  tasks  should  be  designed  as  cooperative  systems  not 
expert  systems.  Cooperative  systems  should  be  seen  as 
including  the  user.  The  components  of  such  a  system 
interact  in  symmetrical  ways  using  the  QUARFE  pro¬ 
tocol.  Internally,  the  components  should  be  specified 
and,  perhaps,  implemented  using  first  order  predicate 
calculus. 

An  analysis  of  the  obstacles  preventing  the  imple¬ 
mentation  of  such  systems  for  perceptual  tasks  in  a  re¬ 
mote  sensing  environment  was  presented.  This  analy¬ 
sis  established  four  research  goals.  The  first  is  to  build 
adequate  models  of  image  formation.  The  second  is 
to  represent  and  reason  about  map-based  constraints. 
The  third  is  to  derive  multi-scale  shape  descriptions  and 
matching  algorithms.  The  fourtti  is  to  establish  a  theory 
of  depiction  that  applies  to  maps  and  other  diagrams. 
The  resulting  theories  and  prototype  systems  demon¬ 
strate  that  the  goal  of  building  cooperative  systems  for 
perceptual  tasks  is  achievable. 
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ABSTRACT 

Techniques  used  in  remote  sensing  applications  for 
resource  mapping  can  be  used  over  long  periods  of  time 
to  provide  information  on  dynamic,  environmental 
processes  of  geographicii  areas  of  interest.  Expert 
systems  will  be  useful  '.n  extracting  environmental 
predictions  from  complex  sources  of  data  and  in 
automating  the  processes  of  data  integration,  object 
representation,  image  interpretation,  interpreting  the 
results  in  terms  of  environmental  parameters,  and 
determining  the  changes  in  the  parameters  over  time. 
Additional  predictions  which  can  be  extracted  from  the 
same  knowledge  base  are:  when  and  where  further 
measurements  are  required,  which  measurements  are  most 
essential,  and  predictions  of  which  changes  are  expected 
in  specific  areas  given  the  past  history  and  rates  of 
change. 

Representations  of  data  within  the  expert  systems 
will  include  multi-temporal  remote  sensing  from  multiple 
sensors  and  platforms,  GIS  data,  digital  terrain  models, 
field  measurements,  and  environmental  parameters. 
Knowledge  of  information  extract! jn  will  include  data 
integration,  image  analysis,  physical  and  biophysical 
interpretation  of  ground  measurements,  and  extraction 
and  interpretation  of  environmental  parameters.  This 
paper  examines  methods  for  data  and  knowledge 
representation  for  environmental  change  as  detected  with 
remote  sensing  data  and  describes  a  design  for  a 
hierarchical  expert  system  with  distributed  knowledge 
and  expertise.  Given  the  complex  nature  of  the 
environmental  problem  of  terrestrial  warming,  expert 
systems  will  be  required  to  blend  the  diverse  data 
sources,  models,  and  to  make  predictions. 

1.0  INTRODUCTION 

Remote  sensing  is  being  used  for  renewable  and 
non-renewcible  resource  mapping,  monitoring,  and 
exploration.  The  techniques  used  in  these  applications 
of  remote  sensing  can  provide  over  long  periods  of  time 
information  on  dynamic,  environmental  changes  in 
geographical  areas  of  interest.  Information  from 
Geographic  Information  Systems  (GIS)  and  biological 
ground  measurements,  in  combination  with  remote  sensing 
data  and  models,  can  provide  information  over  large 
areas  about  environmental  changes  from  which  future 
predictions  about  the  environment  can  be  made. 
Model’ ing  of  the  earth's  climate  under  the  assumption 
of  a  doubling  of  CO2  leads  to  predictions  of  large 
temperature  increases  and  major  shifts  in  precipitation 
patterns  (Parry  at  al,  1988)  resulting  in  major  changes 


of  vegetative  cover,  especially  in  sensitive  biomes. 

A  monitoring  of  the  environment  of  a  substantial 
area,  such  as  a  conti.ient,  will  require  the  integration 
of  data,  information,  knowledge,  and  expertise  from 
many  sources.  Expert  systems  will  be  useful  in 
automating  the  processes  of  data  integration,  object 
representation,  image  interpretation,  interpreting  the 
results  in  terms  of  environmental  parameters,  and  in 
determining  the  changes  in  these  parameters  over  time. 
Expert  systems  can  also  assist  in  extracting 
environmental  predictions  from  complex  sources  of  data 
of  varying  accuracies.  Integrated  expert  systems  can 
also  serve  as  a  decision  support  tool  to  decide  when 
and  where  further  measurements  and  data  are  required, 
which  measurements  are  most  valuable,  and  to  even 
suggest  options  for  actions  to  minimize  environmental 
damage . 

Representations  of  data  within  the  expert  systems 
will  include  multi-temporal  remote  sensing  from 
multiple  sensors  and  platforms,  GIS  data,  digital 
terrain  models,  field  measurements,  and  environmental 
parameters.  Knowledge  of  information  extraction  will 
include  data  integration,  image  analysis,  physical  and 
biophysical  interpretation  of  ground  measurements,  and 
extraction  and  interpretation  of  environmental 
parameters.  No  single  expert  exists  who  covers  all  of 
these  areas.  Therefore,  knowledge  within  the  expert 
system  will  be  associated  with  different  levels  of 
expertise  and  scope  and  will  come  from  multiple  human 
experts. 

We  propose  an  hierarchy  of  experts  which  we  call 
the  Environmental  Monitoring  System  (EMSys).  Initially, 
each  level  of  knowledge  (or  expert)  in  EMSys  will  have 
the  ability  to  draw  upon  the  knowledge  from  lower 
levels.  Any  lower  level  expert  may  be  required  to 
provide  information  to  any  nunOoer  of  higher  level 
experts.  Experts  at  the  lowest  level  will  be  required 
to  perform  generic  operations  with  the  actual  data 
(remote  sensing,  GIS,  ground  measurements).  The  next 
higher  level  will  interpret  these  data  and  attempt  to 
extract  environmental  parameters  of  interest.  The  next 
higher  level  will  make  environmental  predictions  based 
on  models,  interpreted  data  and  historical  information. 
Several  intermediate  levels  will  be  required  to 
organize  experts  with  different  scopes  of  knowledge. 
For  example,  experts  which  interact  purely  with  remote 
sensing  data  will  be  separated  from  experts  which 
interact  purely  with  ground  measurements,  although  they 
may  be  at  the  same  level  of  expertise. 
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The  low  level  of  experts  will  perform  multi-sensor 
integration  by  combining  remote  sensing  data  from 
different  sensors  which  have  different  spectral, 
spatial,  and  temporal  characteristics.  This  level  will 
also  integrate  remote  sensing  with  GIS  and  digital 
elevation  data,  perform  image  analysis  on  the  combined 
data  set,  and  perform  preliminary  analysis  on  the  ground 
measurements. 

The  higher  level  of  experts  will  require  the  most 
extensive  use  of  uncertainty  in  the  system.  The 
certainty  computations  which  have  the  most  value  will 
be:  the  confidence  that  a  computed  change  in  the 
environmental  parameters  is  significant,  the  probability 
that  a  detected  change  is  an  effect  of  climatic  change, 
and  the  contribution  that  any  given  measurement 
variation  has  had  in  terms  of  estimating  uncertainties 
for  environmental  predictions.  The  environmental 
history  of  a  given  geographical  site  will  also  be 
treated  at  the  higher  level  of  experts.  Given  the 
complex  nature  of  the  environmental  problem  of 
terrestrial  warming,  expert  systems  will  be  required  to 
blend  the  diverse  data  sources,  models,  and  to  make 
predictions. 

2.0  SOURCES  OF  ENVIRONllENTtt  DATA 

Environmental  monitoring  with  remote  sensing  can 
be  carried  out  by  recording  the  current  status  of  the 
environment,  recording  the  status  at  a  future  time,  and 
identifying  environmental  changes.  Foi  some 
environmental  changes,  the  interval  to  detect  important 
changes  may  be  unacceptably  long  when  compared  with  the 
time  to  implement  corrective  actions.  An  alternative 
approach,  therefore,  may  begin  with  the  recording  of  the 
current  status  of  the  environment,  followed  by  the 
prediction  of  environmental  changes  likely  to  take 
place.  Successive  remote  sensing  observations  over  time 
'.snap  shot  records)  can  be  used  to  confirm  these 
predicted  changes.  Ground  measurements,  based  upon  a 
stratified,  random  sampling  will  still  be  essential  in 
order  to  detect  quickly  subtle  biophysical  changes  not 
yet  visible  in  the  spectra  of  the  canopy.  The 
information  derived  from  remote  sensing  and  ground 
measurements  will  be  stored  in  geographic  information 
systems. 

2.1  Remote  Sensing  Sensors 

Remote  sensing  sensors  aboard  aircraft  and 
satellites  can  provide  snap  shots  of  the  earth  in  the 
form  of  images  taken  in  the  optical,  infrared,  and 
microwave  spectral  regions.  It  is  unlikely  that  any 
single  sensor  or  platform  will  be  sufficient  to  provide 
all  of  the  environmental  information  required.  The 
enviro.imentalist  will  have  to  deal  with  thousands  of 
images  from  a  wide  variety  of  sensors.  The  detected 
objects  will  be  compared  with  previous  information. 
This  earlier  information  will  likely  have  been  derived 
from  aerial  photographs  which  had  been  used  to  make  maps 
and  to  provide  resource  information.  Since  ihe  remote 
sensing  observations  may  span  a  wavelength  range  from 
400  nm  to  22  cm,  different  properties  of  objects,  and 
even  the  kinds  of  objects  detected,  will  change  with 
sensor.  For  example,  high  resolution  raultispectral 
imagers  may  provide  aoouiate  turest  species  information, 
while  microwave  radars  would  indicate  surface  roughness, 
crown  density,  and  moisture  conditions. 

Unfortunately,  no  data  source  is  free  from  errors. 
The  suppliers  of  remote  sensing  data,  such  as  the  Canada 
Centre  for  Remote  Sensing  (CCRS,,  expend  considerable 
resources  in  keeping  the  calibrations  of  their  sensors 
as  accurate  as  possible.  However,  sensors  will  have 


changes  in  radiometric  sensitivities  over  time.  There 
will  also  be  the  occasional  missing  line  or  portion  of 
a  line.  Users  can  order  Canadian  geocoded  products, 
for  example,  where  geometric  corrections  have  been  made 
using  ground  control  derived  from  1:50,000  NTS  maps, 
which  themselves  have  variable  accuracies  over  time. 

In  order  to  use  these  data  effectively,  one  must 
include  many  other  factors  in  the  information 
extraction  process.  These  include  the  viewing  geometry, 
the  illumination  sources,  the  atmospheric  conditions 
under  which  the  data  were  collected,  and  the  effects 
of  topographic  relief.  Viewing  geometry  and  the  local 
terrain  relief  cause  occlusions,  shadows,  layover  in 
microwave  imagery,  positional  shifts  of  pixel 
locations,  and  apparent  compression  or  elongation  of 
objects,  depending  upon  the  sensor  being  used. 

For  optical  sensors  it  is  essential  to  correct 
for  atmospheric  effects  as  precisely  as  possible  in 
order  to  detect  the  most  subtle  changes.  Often  this 
means  the  use  of  atmospheric  models  and  the  integration 
of  observations  from  meteorological  satellites  and 
ground  stations.  Environmental  monitoring  is 
particularly  important  for  the  most  sensitive  biomes, 
such  as  the  boreal  and  alpine  forests  in  Canada. 
Observations  of  the  environment  in  mountainous  terrain 
makes  further  demands  on  the  atmospheric  models  in 
terms  of  opacity  as  a  function  of  altitude. 

From  this  brief  list  of  factors,  one  can  easily 
see  that  the  environmental  scientist  is  going  to  be 
overwhelmed  by  the  large  amount  of  information  and 
complexities  of  the  various  sensors  and  platforms.  The 
search  space  of  possible  interpretation  paths  and 
corrections  is  large.  Expert  systems  are  useful  in 
simplifying  the  user's  interaction  with  a  complex 
search  space  and  in  making  that  search  more  efficient. 
For  a  number  of  these  problems,  we  have  recorded 
knowledge  of  the  sensors,  their  corrections,  and 
analysis  procedures.  Procedures  have  been  written  to 
deal  with  some  of  the  integration  problems  and  will  be 
described  in  more  detail  in  section  3.1. 

2.2  Geographic  Information  Systems 

Geographic  Information  Systems  (GIS)  are  used  to 
organize,  store,  analyze,  and  disseminate 
geographically-referenced  environmental  data. 
Information  which  can  often  be  found  in  geographic 
information  systems  include  current  and  historical 
distributions  of  forest  cover  types,  other  vegetation, 
wildlife  habitat,  soils,  topographic  relief, 
environmental  disturbances,  and,  sometimes,  climatic 
records.  A  major  task  facing  designers  of  a  national 
environmental  monitoring  system  is  the  integration  of 
information  from  a  wide  variety  of  national  and 
international  GIS.  There  are  many  obstacles  to 
standardization  of  GIS.  The  large  investments  in 
hardware,  software,  and  data  acquisition  cause  an 
almost  stifling  inertia.  Many  GIS  use  different 
hardware,  exchange  protocols  and  media,  and  different 
representation  formats  for  output  and  displays.  Even 
for  GIS  from  the  same  vendor,  users  will  have 
established  different  data  structures  with  different 
meanings  and  attributes  for  such  features  as  forest, 
roads,  rivers,  creeks,  agriculture,  etc. 

In  most  geographic  information  systems,  raw  data, 
usually  in  the  form  of  survey  notes,  aerial 
photographs,  and  sometimes  remote  sensing  data,  are 
transformed  cartographically  to  a  vector  based 
representation  from  which  one  can  produce  paper  maps 
with  legends.  During  this  transformation,  the  data  are 
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edited  according  to  operational  rules,  and  syraboiized 
according  to  predefined  standards.  Sometimes  data  may 
be  omitted  due  to  certain  practices,  such  as  minimum 
mapping  areas,  current  importance  of  such  features,  etc. 
Therefore,  the  archived  products  are  densely  packed 
symbols,  graphics,  and  database  showing  the  relevant 
information  for  the  operational  agency.  This 
cartographic  process  is  a  mixture  of  art  and  science. 
The  product  is  efficient  for  human  utilization,  but 
makes  multisource  integration  more  difficult.  Current 
research  is  directed  to  circumventing  this  problem  and 
some  results  are  discussed  in  Section  3.1. 

2 . 3  Biophysical  Ground  Measurements 

Given  the  complexities  of  the  interpretations 
expected  of  the  remote  sensing  data,  it  is  essential 
that  there  are  frequent  oicphysical  ground  measurements. 
These  measurements  pro/ide  a  reference  for  parameters 
that  can  be  derived  from  remote  sensing  and  a  source  of 
important  biological  p.irameters  which  can  not  be 
remotely  sensed.  These  measurements  would  include 
atmospheric  properties,  soil  conditions,  gas  exchanges, 
plant  cell  analyses,  ages,  biomass  distribution,  and  so 
forth.  There  would  also  be  ground  measurements  of  solar 
illumination  and  spectral  reflectances  and  microwave 
scattering  of  surface  objects.  The  measurements  would 
need  to  be  collected  in  a  statistically  valid  fashion, 
presumably  on  a  stratified  grid  with  random  selection 
of  measurement  sites  within  grid  cells. 

The  biophysical  ground  measurements  would  be 
incorporated  into  models  and  into  the  primary  GIS. 
Within  the  GIS  it  would  be  necessary  to  scale  up  these 
measurements  to  cover  areas  sufficiently  large  that 
meaningful  comparisons  with  remote  sensing  observations 
could  be  made.  For  many  of  these  measurements,  there 
is  a  great  deal  of  uncertainty  as  to  how  to  do  this 
scaling.  EHSys  would  need  to  support  interpretations 
of  integrated  data  for  which  there  would  be  large 
uncertainties. 

Historical  geographic  information  in  the  GIS  can 
serve  to  constrain  broader  interpretations  and  to  enable 
unbiased  estimates  of  accuracies.  The  biophysical 
measurements  will  provide  the  details  necessary  for 
precise  evaluation  of  current  interpretations  and 
predictions. 

3.0  ENVIRONMENTAL  INFORMATION  INTEGRATION 
3.1  Information  Integration 

An  environmental  iiranitoring  system  should  keep 
track  of  objects  over  time.  Ambiguities  arise  when  one 
attempts  to  define  precisely  such  objects  as,  for 
example,  forest  stands.  That  which  is  a  forest  stand 
of  some  grouping  of  species  will  likely  evolve  under  the 
stress  of  climatic  change  to  a  different  species  mix  or 
even  to  a  non-forest  state.  Polygonal  representations 
are  poor  for  tracking  such  temporal  changes.  For  this 
purpose  the  most  effective  tessellation  of  the  earth  is 
a  grid.  We  expect,  therefore,  that  EHSys  will  utilize 
a  variety  of  grids.  Polygonal  representations  will  be 
generated  as  required  to  depict  environmental  objects 
for  specific  times. 

Objects  have  attributes  which  vary  over  time. 
These  attributes  include  spatial  and  spectral 
electromagnetic  responses,  size,  biomass,  orientation, 
location,  and  so  forth.  If  we  consider  objects  as  being 
represented  by  an  n-dimensional  vector,  then  remote 
sensing  measurements  represent  an  incomplete  sample  of 
these  attributes  for  a  specific  time.  Infom’ation 


integration  is  intended  to  make  the  description  of 
object  attributes  more  complete.  By  doing  so,  one 
hopes  to  be  able  to  more  precisely  recognize  and 
characterize  environmental  objects,  and  to  be  able  to 
better  detect  subtle  changes.  The  integrated  data 
would  be  transformed  into  information.  Some  objects 
would  be  well  identified  at  coarser  resolutions  and 
fewer  spectral  channels.  Thus,  the  Integrated  data 
would  use  iterative,  interpretation  techniques.  An 
important  need  in  planing  the  interpretation  strategy 
is  a  means  to  assess  the  information  value  of  a 
particular  sensor  or  GIS  in  a  quantitative  manner.  The 
value  of  the  source  will  depend  upon  the  queries  being 
answered  by  EMSys. 

Integrating  data  from  different  sources  of 
measurements  is  not  simple.  A  common  technique  for 
integrating  data  from  different  sources  is  to  rectify 
the  data  to  a  common  map  projection  and  to  overlay  them 
in  a  data  pile  stack.  This  technique  suffers  the 
pitfalls  of  positional  shifts, layover  problems,  and 
variable  ground  resolution  in  the  case  of  obliquely 
looking  sensors  and  side  looking  radar  images.  In 
order  to  remove  these  kinds  of  distortions,  digital 
terrain  models  (DTM)  are  used  to  provide  a  correction 
mechanism  for  most  of  the  distortions.  This  complex 
topic  IS  the  subject  of  another  paper  at  this 
conference  (Goodenough  et  al,  1989).  The  accuracy  of 
the  DTM  becomes  one  of  the  limiting  factors  in  the  data 
integration.  Also,  there  is  a  substantial 
computational  cost  associated  with  geometrically 
correcting  all  data  sources.  In  EHSys  this 
computational  cost  will  only  be  incurred  when  the  value 
of  the  source  for  the  desired  information  warrants  it. 

The  information  extraction  process  will  be 
performed  on  the  appropriate  data  stack(s).  Temporal 
analysis  using  a  stack  pile  of  images  from  different 
sensors  at  different  times  is  a  powerful  tool  in 
tracing  biological  cycles  and  determining  future 
trends.  Effects  due  to  sun  angle  differences,  viewing 
geometry,  and  temporal  changes  of  atmospheric 
scattering  can  adversely  affect  the  accuracies  of  the 
interpretations.  At  CCRS  these  effects  are  minimized 
using  atmospheric  and  sun  angle  correction  software. 

The  information  extraction  process  is  a  complex 
procedure  which  requires  the  knowledge  of  experts. 
Unlike  simpler  expert  systems,  EMSys  will  need  to  be 
able  to  evolve  as  human  experts  become  more  expert. 
The  model  of  a  static  human  expert,  so  often  cited  in 
AI  literature,  is  not  applicable  to  the  environmental 
monitoring  problem.  EMSys  will  itself  need  to 
incorporate  a  learning  ability.  At  the  present  time 
this  is  beyond  our  capability. 

Current  research  being  performed  by  the  authors 
looks  into  goal-directed  information  integration.  We 
postulate  that  instead  of  classifying  a  large  stack  of 
images,  it  is  possible  to  identify  objects  from  a  few 
images  and  then  verify  their  accuracies  with  other 
imagery  or  geographic  information.  The  system  will 
include  a  knowledge  base  containing  plans  and 
accuracies  of  classified  images.  When  a  goal  is 
entered  into  the  system,  EMSys  will  first  search 
through  the  plans  and  identify  the  most  cost  effective 
method  of  execution.  A  given  plan  includes  selecting 
the  best  features  for  object  detection  and 
identification,  selecting  procedures  for  the  data 
correction,  determining  the  integration  and 
classification  procedures,  and  finally  generating  sub¬ 
plans  to  execute  for  improving  the  accuracy  of  the 
results.  Section  4  describes  the  hierarchy  of  experts 
for  this  task. 
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3.2  Modelling  Environmental  Changes 

Modelling  of  the  scene  and  the  objects  is  an 
important  technique  for  integrating  remote  sensing, 
ground  measurements  of  biophysical  parameters,  and  GIS. 
As  a  focus  of  attention,  we  consider  the  raonitOiing  of 
forests.  The  hierarchical  forest  model  (Figure  1)  is 
split  into  a  forest  growth  model  and  a  forest  scene 
model.  The  forest  growth  model  uses  biophysical  data, 
present  forest  cover,  historical  forest  cover,  and 
climate  and  hydrological  projections  in  order  to  model 
the  biomass  and  successional  states  of  the  forest. 
Physical  measurements  include  climatological, 
hydrological  and  biochemical  data  while  the  ground 
measurements  include  tree  species,  tree  characteristics 
(diameter,  height,  leaf  area  index,  leaf  moisture 
content,  etc.),  as  well  as  soil  measurements  (soil  type, 
mo.sture  content,  etc.). 

The  forest  scene  model  incorporates  tne  remote 
sensing  data.  The  output  of  this  model,  run  in  the 
forward  direction,  is  a  simulated  scene  for  a  future 
time  which  can  be  compared  with  scenes  acquired  at  that 
time.  The  forest  scene  model  has  three  sub-models,  a 
sensor  model,  a  forest  canopy  reflectance  model,  and  an 
atmospheric  model.  Components  of  the  forest  canopy 
reflectance  model  are  the  soil  model,  radiometric  and 
geometric  tree  models  and  an  understorey  model.  The 
models  may  be  run  in  an  inverse  mode  in  which  remote 
sensing  imagery  is  used  to  derive  forest  canopy 
modelling  parameters.  The  tree  model,  for  example, 
draws  upon  a  spectral  database  for  trees,  tree 
components,  soils,  rocks,  and  the  understory. 

Combining  the  forest  scene  model  with  the  forest 
growth  model  into  a  hierarchical  forest  model,  we  hope 
to  be  able  to  scale  local  measurements  to  larger  scales. 
This  approach  or  something  very  similar  is  what  is 
required  to  relate  remote  sensing  observations  with 
predicted  environmental  states  for  various  objects. 

3.3  Assessing  the  Worth  of  Information 

If  an  expert  system  is  to  evaluate  and  select  the 
data  for  an  information  extraction  computation,  then  the 
information  content  of  the  various  data  sources  must  be 
quantified.  In  general,  it  is  very  difficult  to 
quantify  the  amount  of  useful  information  contained  in 
an  image.  The  usefulness  of  an  image  to  a  user  depends 
on  how  many  of  the  features  in  the  image  are  directly 
related  to  his  or  her  goals.  Because  the  user's  goals 
vary  greatly,  the  information  content  or  value  of  the 
same  image  or  data  source  changes  as  a  function  of  the 
user's  goals.  In  order  to  quantify  the  information 
content,  we  would  have  to  know  the  methods  that  can  be 
used  to  achieve  the  goal  (extract  the  desired 
information)  and  the  amount  of  support  which  can  be 
provided  by  a  given  data  source  to  achieve  the  goal. 

The  value  of  a  particular  data  source  can  be 
measured  in  terms  of  the  amount  of  acquisition  and 
computation  costs  to  produce  the  needed  support.  The 
support  of  a  goal  for  an  image,  for  example,  can  be 
defined  in  terms  of  well  known  image  descriptors  such 
as  linear  features,  regions,  shape,  local  variance, 
mcmcrits,  spatial  and  spectial  fLegueitcy  content, 
concavity,  convexity  etc.  Odum  (1988)  has  suggested  the 
use  of  transformities  as  an  energy-scaling  factor  for 
hierarchies  of  information.  Given  a  search  space  of 
multiple  routes  to  a  desired  goal,  one  selects  that  path 
from  initial  data  to  desired  information  goal  requiring 
a  minimum  transformed  energy.  We  are  now  exploring  a 
variety  of  mathematical  expressions  and  models  for 
computing  the  optimal  selection  of  data  sources  for  a 


given  goal. 

3 . 4  Data  and  Knowledge  Representation 

At  CCRS,  an  hierarchical  expert  system,  the 
Analyst  Advisor,  has  been  developed  (Goodenough  et  al, 
1988)  for  updating  a  forest  GIS  with  objects  derived 
from  remote  sensing  imagery.  The  Analyst  Advisor 
contains  more  than  30  expert  systems  built  upon  our 
shell,  RESHELL.  EMSys,  described  in  greater  detail  in 
section  4,  will  also  be  an  hierarchical  system  of 
experts.  Each  expert  system  in  the  Analyst  Advisor 
contains  rules  with  a  specific  scope  of  knowledge.  The 
rules  are  obtained  by  extracting  the  knowledge  of  image 
analysts,  foresters,  and  photo-interpreters  For 
environmental  change  detection  it  will  be  necessary  to 
include  knowledge  from  biologists,  biochemists, 
meteorologists,  ecologists,  geologists,  and  a  variety 
of  resource  disciplines.  Each  expert  in  the  system 
determines  which  other  experts  it  needs  to  consult  with 
in  order  to  meet  its  goal. 

Knowledge  and  data  representation  will  be  in 
several  forms.  For  efficient  communication  amongst 
experts,  a  frames  database  is  used.  This  frames 
database  stores  names  of  physical  objects  and  a  list  of 
associative  information  about  each  object.  The 
associations  include  the  object's  relationship  with 
other  objects,  and  quantitative  or  qualitative 
information  about  the  object.  Knowledge  is  also 
represented  in  the  from  of  production  rules. 
Uncertainty  values  can  be  assigned  for  frames,  objects, 
and  rules.  Data  is  stored  in  various  formats, 
including  grid,  vector,  polygonal,  scalar,  and 
synbolic.  The  expert  systems  transform  the  data  into 
information  through  many  processes.  The  highest  level 
expert  subdivides  the  user's  goal  into  subgoals  for 
each  expert  system.  The  responses  of  the  expert 
systems  and  the  associative  relationships  of  the 
objects  and  frames  are  used  to  generate  the  information 
requested  by  the  user.  A  research  problem  is  the 
distribution  of  knowledge  throughout  the  system.  For 
example,  does  an  expert  system  for  segmentation  with 
optical  images  require  knowledge  of  forests  or  can  the 
forestry  knowledge  be  confined  to  higher  level  experts? 

4.U  DESIGN  OF  AN  EXPERT  SYSTEM  HIERARCHY  FOR 

ENVIRONMENTAL  MONITORING  (EMSys) 

4.1  Proposed  Hierarchy  of  Experts 

The  structure  of  the  expert  system  must  take  into 
account  that  several  levels  of  processes  and  knowledge 
storage  will  occur.  The  lower  level  must  include  the 
more  procedural  and  domain-specific  experts.  This  will 
ensure  each  expert  has  a  unique  purpose.  As  one  moves 
up  the  hierarchy,  the  expert  systems  make  decisions 
based  upon  generalization  of  information  and  data  from 
lower  levels.  Our  shell,  RESHELL,  will  not  upload 
knowledge  from  a  lower  level  expert  system  unless  the 
expert  is  being  consulted  in  the  decision  making 
process.  This  provides  efficiency  in  memory 
management,  modular  development,  and  simplifies  the 
maintenance  of  the  expert  system  hierarchy.  The 
RESHELL  structure  also  allows  each  expert  system  to  be 
also  a  networx  of  expert  systems,  each  one  having  a 
specific  purpose  and  an  ability  to  call  upon  other 
expert  systems.  It  is  this  ability  which  allows  us  to 
build  complex  systems  for  multisource  integration. 

The  structure  in  Figure  2  shows  the  proposed 
hierarchical  expert  system  structure  for  environmental 
change  detection,  EMSys,  using  the  philosophy  described 
above.  There  are  three  major  groupings:  Goal  Driven 
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Models,  Environmental  Assessment,  and  Data  Analysis  and 
Integration.  The  level  entitled  Data  Analysis  and 
Integration  contains  three  parallel  data  interpretation 
domains:  Field  Data,  Remote  Sensing  Data,  and  GIS  data. 
Each  data  interpretation  and  analysis  function  is  a 
network  of  expert  systems.  The  data  analysis  level 
controls  multiple  experts  to  produce  the  features  and 
analyses  required  to  solve  a  particular  goal.  The 
higher  level  interprets  the  results  of  the  data  analysis 
within  the  data  domain,  and  draws  upon,  when  necessary, 
the  inputs  and  outputs  of  the  two  other  domains.  The 
data  integration  level  consists  of  a  single  expert 
system  to  integrate  the  three  data  domains,  to  resolve 
conflicting  interpretations,  and  to  pass  symbolic 
knowledge  and  relevant  measurements  to  higher  levels. 
Conflict  resolution  may  require  new  goals  to  be 
generated  for  the  data  interpretation  experts  in  an 
iterative  sequence. 

The  Environmental  Assessment  level  applies 
physical  meaning  to  the  results  of  data  integration. 
One  expert  system  uses  the  integrated  information  to 
extract  the  environmental  parameters  of  interest,  while 
a  second  expert  system  reviews  the  past  history  of 
environmental  change  for  the  area.  Both  of  these 
systems  are  used  by  an  expert  system  which  determines 
which  changes  have  environmental  significance.  The 
Change  Determination  system  also  has  access  to  the 
integrated  data  from  lower  levels.  The  Change 
Determination  system  is  will  make  extensive  use  of 
uncertainty  values  from  previous  interpretations.  The 
top  level  (Goal  Driven  Models)  draws  on  experts  similar 
in  function  to  Figure  1  to  link  environmental  parameters 
in  an  environmental  model,  and  to  give  predictions  of 
future  changes  in  a  particular  area.  These  expert 
systems  are  described  in  more  detail  in  sections  4.2  and 
4.3.  Separating  the  expert  systems  into  levels  of  scope 
does  not  preclude  high  level  experts  communicating  to 
experts  at  o  much  lower  level,  if  required. 

4.2  Distribution  of  Knowledge  over  the  Hierarchy 

Our  shell,  RESHELL,  allows  for  a  network  of 
communicating  expert  systems.  A  hierarchy  of  knowledge 
within  the  network  is  desirable  in  order  to  maintain  a 
narrow  focus  for  each  expert  system  and  to  modularize 
the  development  process.  The  breadth  of  knowledge 
ranges  from  general  semantic  rules  at  the  user  interface 
level  of  the  system  to  task-oriented,  data  manipulation 
experts  at  the  lowest  level.  The  partitioning  of  data 
types  in  the  two  lower  sub-levels  of  the  Data  Analysis 
and  Integration  level  allows  the  systems  in  these  levels 
to  maintain  minimum  scope.  The  r~”1vsis  and 
interpretation  experts  for  each  data  domain  communicate 
through  their  common,  higher  level  expert. 

The  Environmental  Assessment  level  also  has  two 
expert  systems  which  comminicate  through  a  higher  level 
expert.  The  Environmental  History  Assessment  expert 
detects  trends  in  the  data  patterns  over  time,  and  feeds 
the  results  to  the  Change  Determination  system.  The 
Extract  Environmental  Parameters  system  has  knowledge 
o£  the  physical  meaning  of  the  data.  It  will  interpret 
the  integrated  data  in  terms  of  environmental  parameters 
and  supply  relevant  parameters  to  the  Change 
Determination  expert. 

It  is  the  Change  Determination  expert  system  which 
uses  historical  data  and  physical  parameters  to  detect 
relevant  environmental  changes.  All  of  this  is  done  in 
the  context  of  user  goals.  This  expert  may  report 
directly  to  the  user,  or  it  may  feed  information  and 
data  to  the  Model  Interpreter  expert  system.  The  Model 
Interpreter  expert  will  oe  used  in  several  different 


ways.  Since  it  can  generate  synthetic  imagery 
corresponding  to  a  particular  environmental  state,  it 
will  useful  in  providing  feedback  to  the  interpretation 
experts  and  in  developing  probabilities  for  the  various 
paths  for  interpretation.  The  Model  Interpreter  expert 
will  also  be  used  to  generate  predictions  for  various 
states  which  will  feed  into  the  Environmental 
Predictions  expert.  The  Model  Interpreter  expert  will 
also  provide  quality  control  on  the  lower  level 
experts.  The  Model  Interpreter  will  be  consulted  by 
the  Environmental  Prediction  system  to  predict 
environmental  change  over  time  for  various  climatic 
scenarios.  The  Model  Interpretation  expert  system  is 
the  most  complex  of  the  expert  systems  in  the 
structure.  Dealing  with  forest  modelling,  for  exe  ’•''e, 
it  incorporates  experts  in  forest  growth  models  (  »  ’h 
includes  biomass  models  and  succession  models  )  i 
forest  scene  models  (  including  models  for  sensors, 
forest  canopy  reflectance  and  the  atmosphere  ) .  These 
models  require  data,  parameters  and  knowledge  from 
other  levels  in  the  hierarchical  structure,  such  as 
imagery  and  GIS  files,  climatic  and  hydrological 
parameters,  and  change  probabilities  derived  from  past 
assessments. 

Any  user  interface  to  the  environmental  expert 
system  must  accommodate  different  types  of  queries  and 
demands  of  the  user  on  the  system.  User  queries  may 
range  from  "How  much  spruce  do  I  have  in  my  area"  to 
"How  much  forest  depletion  can  be  expected  in  the  next 
five  years  in  my  area  due  to  acid  rain?"  The  first 
question  requires  only  a  simple  expert  to  review  the 
GIS  data  and  report  the  result.  The  second  question 
requires  a  model  interpretation  of  the  area  with 
knowledge  about  the  level  of  acid  rain  in  the  area,  the 
history  of  forest  degradation  in  the  area,  how  much  of 
the  previous  degradation  is  due  to  acid  rain,  and  the 
extrapolation  of  this  into  the  future.  For  these 
reasons,  the  user  interface  expert  system  will  require 
sufficient  knowledge  of  the  structure  of  the  entire 
network  to  produce  a  complete  agenda  based  on  a  user 
query.  In  order  to  respond  to  the  range  of  queries, 
the  user  interface  must  communicate  with  all  levels  of 
the  expert  networks. 

4.3  Application  of  the  Expert  System  Hierarchy 

This  paper  deals  primarily  with  environmental 
change  detection  using  forest  monitoring  from  remote 
sensing  platforms.  Extensive  and  continuing 
collaboration  with  the  British  Columbia  Ministry  of 
Forests  (BCMF)  has  provided  experience  in  forest  change 
detection  using  remote  sensing  (Goodenough,  1988).  The 
resulting  expert  system  network,  the  Analyst  Advisor, 
has  been  written  at  CCRS  with  an  emphasis  on  forest 
mapping  for  use  by  BCMF.  The  Analyst  Advisor  is 
embedded  in  the  Data  Analysis  and  Integration  level  of 
EHSys. 

EMSys  will  initially  be  applied  to  boreal  and 
alpine  forests,  since  these  are  biomes  widely 
distributed  and  sensitive  to  climatic  change.  The 
application  of  EMSys  will  require  a  dynamic,  evolving 
development  process.  Much  of  the  knowledge  required 
for  global  monitoring  does  not  currently  exist.  The 
modular  approach  prupusud  here  slioulu  provide  a 
framework  in  which  to  embed  this  knowledge  as  it  is 
acquired.  It  is  relatively  straight-forward  to  provide 
tools  which  enable  the  participating  experts  to  put 
knowledge  (rules,  frames,  and  objects)  themselves  into 
EMSys.  More  difficult  is  the  truth  maintenance  across 
such  a  network  of  experts  and  the  obvious  requirement 
to  have  a  looming  capability.  In  the  Analyst  Advisor, 
we  have  already  solved  the  problem  of  running  multiple 
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experts  on  several  computers  communicating 
electronically. 

5.0  CONCLUSIONS 

The  problem  of  environmental  monitoring  has  been 
described  as  well  as  the  importance  of  multiple  source 
integration  in  predicting  future  environmental  states. 
In  an  area  where  there  are  many  experts,  a  complex 
search  space  for  possible  solutions,  and  uncertain  data, 
information  and  knowledge,  it  has  been  proposed  that 
artificial  intelligence,  initially  through  expert 
systems,  is  an  essential  technology  to  integrate 
multiple  sources  of  images,  maps,  and  ground 
measurements  with  the  knowledge  of  diverse  oerts. 
Since  there  are  many  analysis  paths,  there  is  a 
requirement  for  a  quantitative  method  of  assessing  the 
value  of  a  data  source.  We  propose  that  this  can  best 
be  accomplished  by  knowing  the  costs  to  transform  n- 
tuples  of  data  sources  into  the  information  needed  to 
answer  a  user's  query.  This  analysis  is  followed  by  a 
high-level  design  (Figure  2)  of  an  environmental 
monitoring  system,  EMSys,  built  upon  an  existing  network 
of  multiple  experts  for  forest  monitoring. 
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Abstract 

While  it  is  empirically  reasonable  to  assume  that  multispectrat  data 
have  the  multivariate  Gaussian  distribution,  geographic  or  topographic 
data  combined  with  multispectrat  data  may  not  be  represented  by  any 
parametric  model.  Furthermore,  there  is  a  difliculty  in  describing  the  vari¬ 
ous  data  types  which  have  different  units  of  measurements  These 
problems  have  been  the  motivation  for  the  development  of  classification 
techniques  in  which  various  sources  of  data  are  assessed  separatety,  and 
Individual  assessments  are  combined  by  some  means. 

In  this  paper,  we  present  a  method  for  multisource  data  classification 
based  on  the  Shafer's  mathematical  theory  of  evidence.  In  this  method, 
data  sources  are  considered  as  entirely  distinct  bodies  of  evidence  pro¬ 
viding  subjective  probabilistic  measures  to  propositions  In  order  to 
aggregate  the  information  from  multiple  sources,  the  method  adopts 
Dempster's  rule  for  combining  multiple  bodies  of  evidence.  The  focuses 
of  the  paper  are  on  1)  construction  of  support  functions  (or  plausibility 
functions)  given  a  body  of  statistical  evUenco,  and  2)  inferencing  mech¬ 
anisms  of  Dempster's  rule  In  combining  Information  under  uncertainty. 

Preliminary  experiments  have  been  undeitaken  to  illustrate  the  use 
of  the  method  in  a  supenrised  ground-cover  type  classification  on  multi- 
spectral  data  combined  with  digital  elevation  data.  They  demonstrate  the 
ability  of  the  method  in  capturing  information  provided  by  inexact  and 
incomplete  evidoiice  when  there  are  not  enough  training  samples  to 
estimate  statistical  parameters. 

Key  words  :  classification,  combining  function,  evidential  reasoning, 
multisource  data,  remote  sensing. 

1.  Introduction 

Dunng  the  last  decade,  as  remote  sensing  and  other  data  acquisition 
technologies  have  advanced,  there  has  been  a  trend  towarc's  exploiting 
remotely  sensed  multispectral  data  in  conjunction  with  related  data  from 
other  sources  for  the  purpose  of  extracting  higher  level  information  from 
multi-attribute  data  bases.  For  instance,  the  topographic  information  ob¬ 
tained  from  digital  terrain  data  has  been  successfully  used  together  with 
remotely  sensed  data  in  land  cover  analysis  (Franklin  et  al.,  1986;  Jones 
et  al.,  1988;  Strahler  et  a!.,  1978).  More  recently,  a  lot  of  researchers  In 
the  geographic  information  processing  community  have  started  recon¬ 
sidering  the  possibliity  of  utilizing  remotely  sensed  data  within  geo¬ 
graphic  information  systems  (GIS)  (Healey  et  at.,  1988;  Quarmby  et  at., 
1988).  With  the  advancement  in  designing  sensor  systems  and  the 
increasing  availability  of  ancillary  data,  interest  in  extracting  the  great 
wealth  of  higher  level  information  contained  in  geographic  and  remote 
sensing  contexts  has  led  to  extensive  demand  for  computer-based, 
automated  (or  seml-automated)  methods  for  the  analysis  of  multisource 
data.  Their  development  will  be  hastened  more  and  more  by  proliferation 
of  various  and  sophisticated  remote  sensing  platforms  and  sensors  in  the 
next  decades. 

Unlike  the  situation  where  we  are  dealing  with  purely  spectral  data 
from  a  single  sensor,  there  are  some  significant  factors  which  must  be 
taken  into  account  In  devising  means  for  multisensor  and  multisource 
data  analysis,  such  as  diverse  data  types,  unknown  interactions  among 
sources,  and  unequal  reliabilities  of  disparate  sources.  These  problems 
have  been  the  motivation  lor  the  development  of  the  techniques  by 
which  inferences  can  be  drawn  systematically  from  complex  data  bases 
composed  of  disparate,  unequally  reliable  sources,  regardless  of  their 
data  types  and  interactions  with  the  other  sources. 


There  have  been  a  number  of  different  approaches  to  the  analysis  of 
multisource  data  in  remote  sensing  and  GIS.  First  of  all,  the  "stacked 
vector’  approach  Is  the  most  straightlonvard  method,  in  which  all  data 
sources  are  considered  simultaneously  by  organizing  the  respective 
measurements  into  a  single  vector,  and  the  compound  vectors  are 
treated  as  data  from  a  single  source.  However,  its  use  is  limited  to  the  sit¬ 
uation  where  the  sources  are  similar  and  their  interactions  are  easily 
modeled. 

The  "layered"  approach  proposed  by  Fleming  era/.  (Fleming,  1979) 
is  more  general  In  the  sense  that  it  car  treat  multiple  sources  of  diverse 
data  types  separately.  Hutchinson  (Hutchinson,  1982)  has  developed  a 
similar  one,  so  called,  "ambiguity  reduction"  method,  whose  basic  strat¬ 
egy  Is  to  stratify  the  data  based  on  one  (or  more)  of  the  data  sources, 
assess  the  results,  and  resort  to  the  other  sources  to  resolve  the 
remaining  ambIguKles.  A  major  disadvantage  of  these  two  approaches  Is 
that  different  groupings  or  orderings  of  the  sources  produce  different 
results.  In  their  schemes,  the  reliabilities  and  interactions  of  the  sources 
cannot  be  Incorporated  systematically  In  the  process. 

Swain  et  al.  (Swain,  1985)  proposed  an  approach  which  can  handle 
an  arbitrary  number  of  Independent  data  sources.  In  their  mathematical 
tramework,  the  global  membership  tunctlon  Is  derived  from  Bayes' 
formula  by  applying  a  statistical  Independence  assumption.  Due  to  the 
commutative  property  of  the  global  membership  tunction,  different 
orderings  of  the  sources  In  combinaticn  do  not  have  an  effect  on  final 
results.  More  recently,  this  method  has  been  extended  by  Lee  et  al. 
(Lee,  1987)  so  that  the  relative  quality  of  the  sources  can  be  embedded 
In  the  global  membership  function. 

Although  their  combination  procedures  are  different,  the  numerical 
representations  of  Information  in  the  above  approaches  are  commonly 
based  on  the  parametric  Bayesian  inference.  It  is  very  important  to  rec¬ 
ognize  that  In  dealing  with  multispectrat  data  combined  with  other  forms 
of  geographic  data,  the  methods  employed  must  be  able  to  cope  with 
uncertainties  which  arise  both  from  intrinsic  randomness  of  data  and  from 
ambiguities  In  modeling  and  combining  disparate  sources. 

The  objective  of  our  research  is  to  develop  a  general,  computer- 
based  method  of  classification  for  multisource  data  in  remote  sensing  and 
GIS.  The  method  presented  In  this  paper  is  based  on  the  Shafer's  theory 
of  evidence,  where  the  body  of  evidence  provided  by  each  data  source 
Is  represented  by  non-additive  probabilities  rather  than  conventional 
additive  probabilities  so  that  uncertainty  can  be  included  as  a  measure.  In 
order  to  aggregate  the  Information  from  multiple  sources  and  to  propa¬ 
gate  the  uncertainty  throughout  the  combination  of  information,  this 
method  employs  Dempster's  rule  of  combination. 

The  primary  focus  of  this  paper  Is  on  the  construction  of  support 
functions  (or  plausibility  (unctions)  given  a  body  of  evidence.  Secon¬ 
darily,  Dempster's  rule  for  combining  evidence  is  examined  in  the  sense 
of  the  desirable  properties  which  agree  with  human  Intuition. 

Viewing  the  problem  of  multisource  data  classification  from  the 
standpoint  of  evidential  reasoning,  we  can  present  a  way  of  modeling 
human  reasoning  under  uncertainty  in  pattern  recognition  and  data  clas- 
siiication,  where  the  information  sources  or  decision  rules  are  only 
partially  reliable. 


2.  Constructing  Support  Functions  In  Shafer's  Theory 

One  of  the  fundamental  problems  in  applying  Shafer's  theory  to  real- 
world  problems  is  now  to  consinict  enher  support  functions  or  plausibility 
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aperture  radar  itrtagery  in  the  shallow  mode  and  the  steep  mode,  respec¬ 
tively.  The  spectral  band  column  of  sources  2  and  3  explains  the  band, 
and  the  transmit  and  receive  type  of  SAR  images.  For  example,  XHV 
means  that  the  image  is  obtained  in  X-band  (X=3cm)  of  microwave  by 
horizontal  polarization  transmit  and  vertical  polarization  receive.  The  last 
source  is  the  digital  elevation  data  (OEM). 


Table  1 .  Data  set  lor  Experiment. 


Source 

index 

Data 

tvoe 

Input 

channel 

4 

.50-.5S 

1 

Are  MSS 

5 

.55-.60 

6 

.60-.65 

7 

.65-.69 

XHV 

2 

SAR 

XHH 

SHAL 

LHV 

LHH 

XHV 

3 

SAR 

XHH 

STEEP 

LHV 

LHH 

4 

DEM 

Table  2  Is  the  statistical  correlation  matrix  between  spectral  bands  of 
the  mutliband  image  and  the  other  sources.  Correlations  between  every 
pair  of  bands  (except  XHV  and  XHH  bands  of  SAR  SHAL)  from  different 
sources  are  relatively  low  compared  to  those  from  the  same  source. 
Vyhen  the  data  are  assumed  to  be  normally  distributed,  their  uncorrelal- 
edness  implies  statistical  independence,  Thus,  if  XHV  and  XHH  bands 
are  excluded  from  the  second  source,  we  may  assume  that  the  data 
sources  are  globally  independent  In  remote  sensing,  however.  It  Is 
believed  that  different  remote  sensors  provide  physically  Independent 
observations.  Hen^e,  allowing  the  second  source  to  keep  XHV  and  XHH 
bands  does  not  violate  the  assumption  of  independence  of  evidence 
underlying  Dempster’s  rule. 

Vie  have  defined  4  information  classes  out  of  9  cover  types,  and  they 
are  listed  In  Table  3  We  assume  that  the  classes  have  Gaussian  distribu¬ 
tions  on  DEM  also.  In  Table  4,  separabilities  between  classes  based  on 
DEM  alone  are  computed  by  J-M  distance.  They  are  large  enough  not  to 
be  ignored,  and  DEM  seems  information-bearing  from  the  cover  type 
classification's  point  of  view. 

Table  5  summarizes  the  classification  results  after  using  20  training 
pixels  for  each  class.  The  maximum  posterior  classification  of  the 
composite  of  all  four  data  sources  (MPCC)  provides  a  small  increase  in 
overall  accuracy,  but  decreases  average  accuracy  by  a  considerable 
amount  compared  to  the  accuracy  of  source  f  alone.  Meanwhile,  our 
method  (MSDC)  increases  both  overall  and  average  classification  accura¬ 
cies. 

The  experiment  demonstrates  the  dbility  of  cur  method  to  capture 
uncertain  Information  based  on  inexact  and  incomplete  multiple  bodies  of 
evidence.  The  basic  strategy  of  this  method  is  to  decompose  the  rela¬ 
tively  large  size  of  evidence  into  smaller,  more  manageable  pieces,  to 
assess  plausibilities  based  on  each  piece,  and  to  combine  the  assess¬ 
ments  by  Dempster's  nile.  In  this  scheme,  we  are  able  to  overcome  the 
difficulty  of  precisely  estimating  statistical  parameters,  and  to  integrate 
statistical  information  as  nxich  as  possible. 


Table  3.  Information  Classes  in  Experiment. 


Class 

No 

Cover 

tvoes 

Pixel 

count 

%Ol 

totat 

1 

douglas  fir  v;/  lodgepole  pine 

5423 

24.10 

2 

hemlock  w/  cedar 

3173 

14.10 

3 

douglas  fir  w/  other  species 

1309 

5.82 

4 

cleaicuts 

12600 

55.99 

Table  4.  Class  Separabilities  on  DEM 


class 

2 

3 

4 

1 

.574 

.927 

.630 

2 

1.000 

.690 

3 

.719 

Table  5.  Classification  results 


Class 

Source 

1 

2 

3 

4 

Overall 

Averaoe 

1 

60.35 

64.70 

71.89 

81.98 

73.75 

69.73 

72.30 

42.96 

25.90 

79.86 

69.71 

55.26 

52.20 

19.57 

3.97 

72.68 

56.26 

37.11 

51.91 

71,57 

0.00 

81.98 

68.51 

51.37 

48.85 

52.44 

63.48 

91.3^ 

69  52 

68  23 

88.69 

82  70 

5  Conclusions 

In  this  paper  we  have  Investigated  how  evidential  reasoning  based 
on  Dempster-Shafer  theory  can  be  used  to  represent  and  aggregate 
evidential  Information  obtained  from  various  data  sources.  The  linear 
plausibility  functions  and  Dempster's  rule  have  been  employed  to 
develop  a  new  method  of  classifying  multisource  data  in  remote  sensing 
and  geographic  information  sy.stems.  One  of  the  features  of  the  method 
is  the  capability  of  plausible  reasoning  under  uncertainty  in  pattern 
recognition  and  information  processing,  especially  where  observed  data 
are  not  completely  reliable. 

Although  Shafer’s  theory  of  evidence  has  been  known  to  be  mathe¬ 
matically  well  defined  and  accord  with  human  intuition  in  representing 
evidential  inlormalion  and  combining  multiple  evidence,  it  entails  more 
intelligent  strategies  in  making  decisions  especially  when  the  evidential 
information  is  represented  by  interval-valued  probabilities. 


Acknowledgements 

This  research  is  supported  by  the  National  Aeronautics  and  Space 
Administration  under  Contract  No.  NAGW-925. 

The  SAR/MSS  Anderson  River  data  set  was  acquired,  processed 
and  loaned  to  Purdue  University  by  the  Canadian  Center  for  Remote 
Sensing,  Department  of  Energy,  Mines  and  Resources,  of  the 
Government  of  Canada. 


Table  2.  Statistical  correlation  matrix  between  bands  and  sources. 
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4  5  6 

7 

XHV 

SAR  SHAL 
XHH  LHV 

LHH 

XHV 

SAR  STEEP 
XHH  LHV 

LHH 

4 

.984 

.981 

.975 
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.102 

.074 

1  c 

■  in 

■ll  'i  ^ 

A/B 

5 

1.000 

.992 
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.742 
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.069 

! :  3 

HiiT9 

MSS 

6 

1.000 
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.955 

.672 
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■  ^ 

HTTS 

1  ^ 

7 

1  000 

.951 

.684 

.093 

.062 

-.122 

1  ^ 
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STEEP 
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.347 
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1.000 
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(unctions  given  a  body  of  evidence,  in  fact,  this  problem  occurs  in  any 
other  theory  of  subjective  probability. 

Shafer  (Shafer,  1976)  describes  how  to  build  the  linear  plausibili>y 
function  when  a  given  body  of  evidence  is  provided  by  a  statistic  il 
experiment  In  this  section,  after  examining  the  characteristics  of  ;ne 
linear  plausibility  function,  we  formulate  a  more  general  plausibility  furic- 
lion  by  defining  "partial  consonance"  (Walley,  1987). 

Let  n  and  X  respectively  denote  a  frame  of  discernment  and  a  space 
of  the  observed  data  in  a  statistical  experiment  Suppose  that  the  obser- 
vatnns  are  governed  by  a  probability  model  (  Ao .  u  e  n ),  where  Ai  is  a 
conditional  probability  density  function  on  X  given  u.  The  linear  plausi¬ 
bility  function  based  on  this  body  of  statistical  evidence  is  derived  from 
the  following  two  assumptions: 

1)  the  degree  of  plausibility  of  a  singleton  re  e  n  Is  proportional  to  A> 

2)  the  plausibility  function  is  consonant. 

The  first  assumption  corresponds  to  our  intuitive  feeling  that  an 
observation  x  e  X  favors  those  elements  of  Q  which  assign  the  greater 
chance  to  x  Thus,  x  should  determine  a  plausibility  function  Pl^  obeying 

P4M “ C- Ai(x)  (orallMEn  (2.1) 

where  C  is  a  constant  which  does  not  depend  on  co. 

A  plausibility  function  P/ :  2^  -t  (0, 1]  is  said  to  be  consonant  in  n  if  it 
satisfies  the  following  condition: 

Pi(AvJB)«max{Pi(A),Pl(B)l  (or  all  A,  Ben  (2.2) 

The  first  assumption,  logethar  with  the  second  assumption,  deter¬ 
mines  a  unique  consonant  plausibility  (unction 

maxA,(x) 

P4(A)  -  — for  all  a  c  n  and  a  #  0  (2.3) 

When  A  is  a  singleton,  say  (w),  the  consonant  plausibility  function  gives 
the  relative  likelihood  of  w  to  the  most  likely  element  in  n.  The  corre 
spending  consonant  support  (unction  Sx  is  given  as. 

maxpa(x) 

Sx=l-PMA)-1-"^  foraBAcn  (24) 

u«n 

The  linear  plausibility  method  described  above  is  simple  to  imple¬ 
ment,  and  the  principle  behind  it  is  similar  to  the  Likelihood  principle. 
However,  ils  application  is  iimited  to  the  particuiar  cases  where  the 
consonance  assumption  is  satisfied. 

A  generalized  scheme  of  the  knear  support  and  plausibility  functions 
can  be  (ormuiated  by  weakening  the  consonance  assumption.  The 
foiiowing  definition  of  partial  consonace  originates  irom  Walley  (Walley. 
1987)  and  is  differently  stated  in  this  paper. 

Definition.  A  support  function  S :  2^  -•  [0, 1)  is  ‘partially  consonant"  iff 

there  exists  a  partition  (W, . W,)  of  n  and  S  is  consonant  in  every  W^, 

liksr,  i.e., 

S(A  n  B)  -  mn  ( SI(A),  3(B) )  (or  all  A,  B  c  W^  (Isksr). 

Partial  consonance  allows  a  body  of  evidence  to  be  heterogeneous,  i.e., 
to  support  Cl  in  several  directions.  Consonance  is  the  special  case  of 
partial  consonance  defined  above  when  r  >  1,  i.e.,  the  partition  of  0  is  n 
itself. 

The  partially  consonant  support  function  based  on  the  body  of 
statistical  evidence  is  given  as: 

f 

S,(A)=Cp^(TOjXM«(y)-ttiax  A,Wl  (orAcW^  (somelsksr)  (2.5) 
where  Cp  is  a  normalizing  constant  obtained  as: 

f 

Co-ITrajiPuW}  (2.6) 

k-l 

The  corresponding  plausibility  function  is  given  as; 

While  partial  consonance  gives  a  flexibility  to  the  linear  plausibility 
function  proposed  by  Shafer,  it  raises  another  problem  of  finding  an 
optimal  partitioning.  The  validity  of  its  use  is  stiij  under  investigation. 


3.  Inferencing  Mechanisms  of  Dempster's  Rule 

To  base  inferences  and  decisions  on  all  available  information  in  multi¬ 
source  data  analysis,  it  is  necessary  to  combine  the  information  from 
various  sources.  The  role  of  rules  (or  combining  evidence  is  to  Integrate 
the  conditional  knowledge  about  states  of  nature  based  on  each  single 
body  of  evidence  into  total  knowledge  based  on  the  combined 
evidence. 

Several  subjective  Bayesian  updating  mles  have  been  developed  by 
applying  one  or  two  statistical  Independence  assumptions  to  Bayes'  njle. 
They  have  been  successfully  used  in  rule-based  inferencing  systems 
such  as  MYCIN  (Shortliffe,  1976)  and  PROSPECTOR  (Duda  et  al.,  1979). 
However,  there  have  been  some  controversies  over  the  inconsistency 
between  the  independence  assumptions  and  their  updating  rules 
(Glymour,  1985;  Johnson,  1986;  Pednault  et  al..  1981). 

Dempster's  mle  Is  a  generalized  scheme  of  Bayesian  inference  to 
aggregate  evidence  provided  by  disparate  sources.  In  this  section,  we 
examine  Dempster's  rule  In  the  sense  of  the  Inferencing  mechanisms. 

Suppose  that  ip,  and  are  the  basic  probability  assignments  based 
on  entirely  distinct  bodies  of  evidence.  E,  and  % .  For  all  Aj,  Aj,  A^  e 
n 

2  ,  Dempster's  mle  produces  a  new  basic  probability  assignment  mas; 
m(A,)  =  (l.K)->  X  m,(A,)/7^{A,)  (A^^0)  (3.1) 

where 

K=  X„'n,(A,)m,(A,) 

The  above  equation  is  called  the  orthogonal  sum  of  iP,  and  .  The 

denominator  (1-K)  is  a  normalizing  (actor  to  compensate  (or  the 
measure  of  belief  committed  to  the  empty  set. 

There  are  several  points  of  interest  regarding  Dempster's  mle.  First, 
It  requires  that  the  basic  probability  assignments  to  be  combined  be 
based  on  entirely  distinct  bodies  of  evidence.  Combining  entirely  distinct 
bodies  of  evidence  may  be  considered  as  a  fusion  of  the  individual 
observations  made  by  independent  observers  on  the  same  experiment. 
The  meaning  of  independence  here  is  that  one's  observation  does  not 
have  effect  on  any  of  the  other's,  which  is  quite  different  trom  the 
conventional  independence  definitions  in  probability  theory.  Secondly, 
it  IS  both  commutative  and  associative.  Therefore,  different  orderings  or 
groupings  of  evidence  in  combination  do  not  affect  the  result.  Finally, 
there  is  an  additional  piece  of  information  provided  by  this  mle.  The 
constant  K  in  equation  (3  1)  is  the  amount  of  the  total  probability  that  is 
committed  to  disjoint  (or  contradictory)  subsets  ol  1).  It  represents  a 
measure  ol  conflict  between  two  bodies  of  evidence.  When  K  is  equal  to 
one,  it  means  that  the  two  bodies  of  evidence  are  completely  contradic¬ 
tory,  and  the  orthogonal  sum  of  their  basic  probability  assignments  does 
not  exist. 

Once  the  basic  probability  assignment  m  is  obtained,  the  degrees  of 
support  and  plausibility  for  all  A  c  n  are  respectively  computed  as: 

S(A)»  (3-2) 

BcA 

PHA)-  X"<®)  (3.3) 

In  the  framework  ol  Dempster-Shafer  theory,  the  evidential  informa¬ 
tion  concerning  a  subset  A  of  O  can  be  represented  by  an  interval-valued 
probability,  [S(A),  P/(A)].  The  width  of  the  intenral  corresponds  to  the 
measure  ol  uncertainty.  The  width,  after  the  combination  by  Dempster's 
mle,  is  no  larger  than  those  of  the  intervals  before  the  combination.  This 
seems  intuitively  reasonable  because  the  measure  of  uncertainty  is 
expected  to  get  smaller  as  we  gather  more  Information. 


4.  Experimental  Results  and  Discussion 

The  linear  plausibility  function  and  Dempster's  rule  nave  been 
applied  to  the  problem  of  ground-cover  classification  based  on  multispec- 
tral  data  in  conjunction  with  digital  elevation  data.  In  this  experiment,  the 
decision  is  made  according  to  the  maximum  plausibility  in  order  to  be 
comparable  with  the  maximum  posterior  decision  mle. 

Table  1  describes  the  set  of  data  sources  for  the  experiment.  The 
image  in  this  data  covers  a  forestry  site  around  the  Anderson  River  area  of 
British  Columbia,  Canada.  Source  1  consists  of  4-band  airtxtrne  multi- 
spectral  scanner  data  in  the  visible  region.  Sources  2  and  3  are  synthetic 
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Reliable  infonsation  on  the  extent,  thickness,  age,  and  moveoent  of 
sea  ice  is  required  for  safe  operation  in  Arctic  waters.  Synthetic  aperature 
radar  (SAR)  has  become  a  major  tool  in  the  operat.  '^nal  reconnaisance  of  sea 
ice,  but  the  logistics  and  practics  of  aerial  SAR  reconnaisance  in  the  Arctic 
mitigate  against  widescale  tactical  support  for  the  operational  community. 

Several  SAR  satellites  are  scheduled  for  launch  in  the  next  decade. 
These  systems  will  provide  the  tactical  support  the  operational  community 
requires,  but  do  so  at  very  high  data  rates.  The  future  problem  will  be  one 
of  data  management.  Ihe  volumes  of  data  produced  by  these  systems  will  strain 
the  operational  community's  processing  abilities,  especially  in  the 
close-tactical  time-frame. 

The  complex  spatial  and  contextual  information  contained  in  SAR  sea 
ice  imagery  requires  an  heuristic  approach  to  analysis,  more  so  than  most 
other  forms  of  image  processing.  A  pixel -by-pixel  approach  to  sea  ice 
classification — the  approach  used  in  traditional  digital  image 
interpretation — ignores  the  syntactic  (structural)  and  semantic  (pragmatic) 
information  that  is  present  or  inherent  in  the  SAR  image.  Sj^tactic  reasoning 
would,  for  example,  suggest  that  if  several  points  in  a  region  Share  similar 
backscatter  properties  and  are  part  of  a  linear  structure,  that  they  are  part 
of  a  pressure  ridge.  Semantic  reasoning  would  suggest  that  if  one  is 
operating  in  a  tactical  time-frame,  one  need  only  process  the  data  of  regioial 
interest,  and  seek  to  identify  in  order:  open  water,  leads,  thin/new  ice,  thin 
first-year  ice,  and  seek  to  avoid  regions  of  pressure,  ridging,  glacial  ice, 
or  old  ice.  The  pixel  based  approach  of  traditional  image  processing  is  most 
inefficient  at  using  these  higher  forms  of  knowledge  representation  and 
reasoning. 

Using  the  procedures  and  paradigms  expressed  in  the  field  of 
artificial  Intelligence  and  symbolic  image  processing,  research  was  conducted 
to  investigate  the  application  of  such  technologies  to  the  interpretation  and 
understanding  of  SAR  images  of  sea  ice. 

A  multi-resolution  pyramidal  data  structure  was  selected  to  provide  a 
hierarchical  representatioti  of  image  data  for  the  system.  The  knowledge- 
source  base  and  system  control  structure  were  implemented  using  object 
oriented  programming  techniques  in  the  framework  of  a  blackboard  systems 
approach.  The  blackboard  system  structure  itself  is  a  hierarchical  data 
structure  that  represents  the  problem  domain  as  a  hierarchy  of  analysis 
levels.  The  hierarchical  structure  of  analysis  and  image  data  permits 
different  analysis  tasks  to  be  performed  at  different  levels  of  the  blackboard 
or  image  pyramid  in  either  a  goal-  or  data-directed  manner.  Knowledge  sources 
may  be  fired  by  goal  postings  or  by  data  changes  at  pyramid  levels  above  or 
below  the  current  level  of  analysis. 

The  pyramid-based  blackboard  systems  approach  to  image  interpretation 
holds  promise  for  a  global  image  understanding  system  combining  inputs  from  a 
multitude  of  sensors. 
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ABSTRACT 

A  rule-based  classification  system  for 
satellite  multitemporal  remotely  sensed 
Images,  integrated  with  ancillary 
georeferenced  data,  is  presented.  As  an 
example  of  non  image  data,  the  Digital 
Elevation  Model  (DEM)  has  been  considered. 
The  system  knowledge-base  consists  of  a  set 
of  rules  describing  each  land-cover  class  for 
each  date  and  with  respect  to  the  morphology. 
For .  the  construction  of  these  rules  the 
system  adopts,  as  user  interfaoe,  linguistic 
descriptors  such  as:  low,  high,  very  low  and 
any  logical  combination  of  them.  These 
linguistic  terms  are  treated  as  membership 
functions  for  "fuzzy  sots"  defined  on 
spectral  and  altimetrlcal  values.  The  use  of 
"fuzzy  logic"  is  justified  both  by;  i)  the 
intrinsic  uncertainty  of  the  land-cover 
classes  definition,  ii)  the  difficulty  of 
stating  a  phenological  evolution  in  a  large 
area  with  different  micro-climatic  and 
orographic  conditions.  The  results  of  the 
rule-based  approach  are  compared  with  a 
maximum  likelihood  supervised  classification 
approach. 

Keywords ;  Multitemporal  Classification,  Rule 
based  knowledge, Uncertainty, Fuzzy  possibility 

I .  INTRODUCTION 

The  objective  of  the  present  work  is  to 
define  the  initial  requirements  for  a  rule 
based  classification  system  using  TM  or  Spot 
Imagery,  Integrated  in  a  Geographic 
Information  System,  with  the  following 
characteristics:  i)  ease  of  man-machine 

interface,  so  that  an  expert  agronomist  could 
enter  the  system  directly  to  define  the 
knowledge  base  (K.B.)  for  each  class;  il) 
applicability  to  the  particular  conditions  of 
agriculture  and  land  cover  in  Southern  Italy, 
characterized  (Caroppo,  1986)  by  an  extreme 
fragmentation  of  the  agricultural  fields  and 
a  high  variability  of  agricultural  and  land 
cover  classes.  The  first  one  of  these 
conditions  makes  the  selection  of  spatial  and 
contextual  relationships  very  difficult;  the 
second  one  demands  for  the  definition  of 
right  decisional  tools  in  the  environment 
affected  by  high  degree  of  Indeterminatlon 


and  uncertainty. 

Furthermore,  two  aspects  should  be 
considered  when  a  rule  based  tool  is  being 
used  in  conjunction  with  the  spectral 
definition  of  classes:  i)  it  is  not  always 
possible  to  define  a  value  or  set  of  values 
that  are  representative  of  a  given  class 
unlvocally;  il)  the  expert  interpreter  will 
use  soft  and  imprecise  expressions,  typical 
of  the  natural  language,  to  define  the 
characteristic  of  a  given  class. 

The  parametric  approach,  traditionally 
used  in  the  R.S.  image  classification,  can 
provide  an  estimate  of  the  Indetermination 
level  by  means  of  random  statistical 
distributions:  the  variability  within  a 
class  is  considered  as  noise  superimposed  to 
the  real  value  (Kandel,  1978). 

The  present  approach  considers  the 
"impossibility",  in  principle,  of  giving  an 
unlvocal  and  deterministic  definition  for 
each  real  class.  Hence  the  various  classes 
are  characterized  only  through  the  use  of 
fuzzy  possibility  functions  [(Zadeh,  1973), 
(Zadeh,  1974)].  The  advantage  is  the 
availability  of  a  straightforward  user-system 
interface.  In  fact,  the  photo-interpreter 
makes  large  use  of  qualitative  linguistic 
terms,  such  as  high,  low,  the  lowest,  applied 
to  the  spectral  response  of  a  class,  to 
describe  the  rules  that  associate  the  ground 
cover  to  the  spectral  characteristics  of  the 
image.  These  linguistic  expressions  can  be 
considered  as  membership  functions  of  fuzzy 
sets  (Zadeh,  1973). 

The  adopted  approach  for  the  treatment 
of  knowledge  indeterminatlon  by  means  of 
"fuzzy"  possibilities  is  presented  in  section 
II.  The  developed  methodology  has  been 
applied  to  a  Thematic  Mapper  image  of 
Southern  Italy.  The  test  area 
characteristics  and  the  selected  classes  are 
reported  in  section  III  and  the  applied 
knowledge  base  is  described  in  IV.  The 
obtained  results  of  the  classification,  their 
discussion  and  the  comparison  with  those 
obtained  with  a  Maximum  Likelihood  approach 
are  reported  in  section  V. 

II.  THE  FUZZY  LOGIC  API  \CH 

According  to  Zadeh  definitions,  given  a 
set  of  values  U-{  x  },  a  fuzzy  subset  A  of  U 
can  be  defined  as  the  set  of  pairs 
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A  =  {  (  X,  mA(x)  )  } 

where  mA(x)  is  the  membership  function  of  A 
to  U:  it  can  assume  real  values  within  the 
interval  [0,1],  expressing  the  measure  for 
the  "possibility"  of  x  to  belong  to  the 
subset  A.  In  the  case  that  mA(x)  assumes 
values  equal  to  0  or  1  only,  the  fuzzy  subset 
definition  coincides  with  the  normal  set 
definition. 

Using  the  fuzzy  set  formalism,  an 
interface  language  has  been  developed  to 
describe  the  class  spectral  characteristics. 
This  language  is  based  on  the  definition  of 
the  following  two  membership  functions: 

LOW  =  {  (  X,  ml(x)  )  } 

HIGH  =  {  (  X.  mh(x)  )  } 

which  represent  the  fuzzy  subsets  of  "low  and 
high  spectral  responses",  respectively. 
Here,  x  is  the  pixel  gray  value  in  a  given 
band,  while  the  possibility  functions  ml(x) 
and  mh(x)  are  defined  as  follows,  according 
to  the  range  Xmin  and  Xmax  of  the  band  under 
study: 


I  1  -  S(x,Xl,X3) 

/ 

if 

XI 

< 

X 

< 

X2 

ml(x)  =<  S(x,X3,Xl) 

/ 

if 

X2 

< 

X 

< 

X3 

1  0 

' 

if 

X3 

< 

X 

< 

X5 

1  ° 

t 

if 

XI 

< 

X 

< 

X3 

mh(x)  =<  S(x,X3,Xl) 

/ 

if 

X3 

< 

X 

< 

X4 

1  1  -  S(x,Xl,X3) 

where: 

f 

if 

X4 

< 

X 

< 

X5 

Xl=  Xmin 

X5 

=  Xmax 

X3=(X5-Xl)/2+Xl  X2=(X3-Xl)/2+Xl 

X4=(X5-X3)/2+X3 

and 

S(x,XA,XB)=2*( (x  -  XA)/(XB  -  XA))**2 

This  enables  the  use  of  the  following 
operators  contributing  to  the  language 
assessment: 

1)  Enhancement:  VERY(A)  <->  (mA(X))**2 

2)  Dilution:  QUASI(A)  <->  (mA(X))**0.5 

3)  Negation:  NOT(A)  <->  (1  -  mA(X)) 

4)  And:  A1  .AND.  A2  <->  Min(mAl(X),mA2(x) ) 

5)  Or:  A1  .OR.  A2  <->  Max(mAl( X ) ,mA2(x) ) 

From  the  operational  viewpoint,  an 
interactive  environment  is  made  available  to 
the  user,  where  he  can  set  the  definitions 
for  the  characteristics  of  the  class  Ci  with 
respect  to  the  generic  band  k  of  the  GIS. 
This  is  accomplished  through  appropriate 
combinations  of  the  following  logical  terms 
and  operators: 

fOUASI.  VERY,  NOT,  AND,  OR,  LOW,  HIGH). 

Then  the  system  translates  any  given 
definition  in  the  corresponding  function 
m(Ci,k,x)  automatically;  each  function 
represents  the  measure  of  the  possibility  to 
belong  to  the  class  Ci  for  a  pixel  with  a 
value  X  in  band  k. 

In  order  to  handle  multitemporal  and 


morphological  data,  the  system  allows  the 
user  to  describe  each  class  by  means  of  only 
the  "most  useful"  bands.  A  meta-level 
subsystem  takes,  for  each  class,  the 
descriptions  of  the  selected  bands  and 
submits  these  to  the  fuzzy  classification 
subsystem,  reducing,  in  this  way,  the  system 
knowledge  base  to  a  well  consistent  one.  If 
band  k  has  been  excluded  by  the  meta-level 
subsystem  for  class  Cj ,  the  related  function 
m(Cj,k,x)  is  always  set  to  1  for  each  x. 
This  indicates  that  every  value  in  band  k  is 
compatible  with  the  global  class  definition. 

When  the  K.B.  is  defined,  the  system 
assigns  each  image  point  to  a  class  for  which 
the  possibility  function  is  maximized.  The 
procedure  is  the  following.  Let: 

X={xl, . . . ,xk, . . .xn} 

be  the  set  of  the  gray  values  for  a  given 
pixel  in  the  n  bands.  The  possibility  for  X 
to  be  included  in  the  class  Cl  is  defined  as: 

POSS(Ci,X)=MIN{  m(Ci,k,xk)  }  ,  k=l,2,...,N 

[This  choice  insures  that  the  most  stringent 
requirements  for  the  class  selection  are  met; 
in  fact  the  MIN  corresponds  to  the  AND 
operator] .  Then,  X  is  assigned  to  the  class 
Cl  if: 

P0SS(C1,X)=MAX{  P0SS(Ci,X)  }  when  varying  Ci. 

III.  DESCRIPTION  OF  THE  STUDY  AREA 

A  test  area  of  about  50,000  hectares  has 
been  selected,  corresponding  to  a  rectangular 
region  of  Southern  Italy,  with  center 
coordinates  15*  E,  41*  20'  N  and  heights 
ranging  from  50  to  600  metres. 

As  large  part  of  the  Mediterranean 
agricultural  context,  the  test  area  can  be 
considered  non  particularly  suitable  from  a 
remote  sensing  viewpoint,  mainly  because  of 
the  existing  large  variety  in  terms  of  land 
use  classes  and  agricultural  practices.  In 
fact,  the  average  size  for  homogeneous  fields 
is  less  than  0.5  hectares  and  "mixed" 
agricultural  practices,  such  as  vineyards  and 
olive  groves  or  olive  groves  and  croplands, 
are  often  used  in  the  same  parcel. 

The  study  area  is  fully  covered  by  the 
Landsat-D  31.188  imagery.  Due  to  the 
complexity  of  cover  classes,  a  multitemporal 
data  set  was  employed,  using  three  different 
dates  in  the  year.  The  images  were  selected 
on  the  basis  of  the  best  data  quality  for 
each  season.  The  spring  image  was  acquired 
on  April  86;  the  summer  image  on  July  and  the 
Autumn  one  on  October  (the  July  image  is 
shown  in  fig  1). 

An  integrated  data  set  was  obtained 
rectifying  the  images  with  respect  to  UTM 
projection  for  each  date.  A  Digital 
Elevation  Model  was  obtained  digitizing 
contour  lines  from  1:50,000  topographic  map, 
with  25  m.  contour  interval.  The  height 
error,  computed  as  rms  error  on  a  set  of 
fiducial  points,  was  about  15  m. 

The  classes  selection  has  been  based 
upon  information  derived  by:  i)  the  latest 
Agricultural  census  (1982);  ii)  the  study  of 
topographic  maps;  iii)  the  local  inspection 
of  the  area;  iv)  the  visual  interpretation  of 
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related  TM  imagery  both  in  single  bands  and 
RGB  band  superposition.  The  following 
classes  have  been  selected: 

1)  Bare  soil  5)  Olive  groves 

2 )  Urban  areas  6 )  Vineyards 

3)  Pasture  7)  Cropland. 

4 )  Coniferous 
Reafforestation 

IV.  RULES  DEFINITION 

Rules  have  been  assessed  for  the  above 
classes  in  the  three  dates  separately. 

For  the  April  date,  the  following 
relations  exist:  Bare  solis  are 
characterized  by  high  and  very  high  values  in 
all  the  spectral  bands;  Urban  areas  show 
medium-high  values;  all  the  vegetated  classes 
show  low  vaules  in  all  the  bands,  but  Pasture 
and  Cropland  have  high  values  in  band  4, 
because  of  high  biomass  content;  the  Olive 
groves  characteristic  is  medium-low;  for 
Vineyards,  due  to  lack  of  foliage,  the  values 
are  medium-high. 

For  the  July  date.  Bare  soils  and  Urban 
areas  have  high  or  very  high  values;  Pasture 
and  Cropland  show  medium-high  values,  but  the 
latter  are  a  little  higher;  low  values  can  be 
found  for  those  croplands  already  harvested; 
Vineyards,  for  its  high  biomass  content,  have 
low  values  in  all  bands,  but  high  ones  in 
band  4;  Olive  groves  show  medium-low  values; 
Coniferous  reafforestation  has  low  or  even 
very  low  values  in  all  the  spectral  bands. 

For  the  October  image,  the  following 
relations  can  be  stated:  Urban  areas  show 
medium-high  values  in  visible  bands  and 
medium  in  the  Infrared  ones,  while  Bare  soils 
are  high  or  very  high;  the  vegetated  classes 
show  medium  values,  with  the  following 
characterization:  Coniferous  reafforestations 
have  lower  values  than  the  other  classes. 
Vineyards  still  show  high  values  in  band  4; 
in  this  band  the  Cropland  values  are  lower 
than  Pasture  ones. 

It  has  been  verified  that  the 
application  of  the  full  set  of  rules  in  the 
multitemporal  approach,  in  some  cases,  leads 
to  redundancy  of  characterization.  This  is 
particularly  true  for  those  classes  showing  a 
well-defined  characterization  in  a  few  bands 
or  a  single  date;  in  this  case  the  meta-level 
subsystem  allows  to  the  expert  to  choise  the 
reduced  set  of  rules  that  is  more  suitable 
for  each  class. 

From  the  morphological  point  of  view,  to 
describe  the  region  of  Interest,  we  can 
introduce  the  following  rules:  Olive  groves. 
Vineyards  and  Urban  areas  have  a  greater 
possibility  for  low  altimetrical  values; 
Pastures  and  Coniferous  are  more  favourite  at 
not  low  altitudes.  Within  this  region,  the 
Cropland  possibility  is  essentially 
unaffected  by  the  morphology. 

V.  RESULTS  AND  DISCUSSION 

In  evaluating  the  described  approach, 
special  enphasls  has  been  devoted  to  make  a 
comparison  between  the  results  obtained  using 
the  fuzzy  approach  and  those  of  a  classical 
probabilistic  approach.  In  order  to  achieve 
this  goal,  a  supervised  classification  of  the 
image  data  set  has  been  performed. 


A  set  of  25  homogeneous  fields  has  been 
selected  on  the  Landsat  images  and  located  on 
aerial  photos  at  about  1:10,000  scale.  The 
photointerpretation  of  selected  areas  was 
supported  by  ground  investigation  in  order  to 
establish  an  exact  correspondence  between 
training  areas  and  ground  classes.  Using  the 
training  areas,  a  set  of  statistical  features 
associated  to  each  ground  class  was 
extracted.  The  whole  set  of  statistical 
features  was  used  in  a  straightforward 
manner,  performing  a  Maximum  Likelihood  (ML) 
classification  of  the  three  temporal  Images 
as  a  single  18  spectral  bands  image. 

The  resulting  map  showed  a  high  degree 
of  overall  correspondence  with  that  one 
obtained  by  the  fuzzy  classifier:  about  the 
65%  of  points  in  the  maps  had  the  same 
labels;  this  correspondence  was  more 
accentuated  for  pasture,  olive  groves  and 
cropland  classes. 

In  order  to  obtain  a  more  quantitatively 
comparison  between  the  two  approaches,  a  set 
of  50  test  areas  was  selected,  for  a  total 
coverage  of  about  850  hectares,  corresponding 
to  the  1.5%  of  the  global  area.  The 
distribution  of  the  test  areas  versus  the 
thematic  classes  agrees  with  the  percentage 
of  each  class  in  the  fuzzy  classified  map. 
Special  care  in  the  test  areas  selection  has 
been  devoted  to  find  out  the  areas 
characterized  by  a  larger  difference  between 
ML  and  fuzzy  attributions. 

A  ground  truth  reference  was  obtained  by 
photointerpretation  and  ground  inspection  of 
the  test  fields.  Using  this  ground  truth,  a 
confusion  matrix  has  been  obtained  for  the 
fuzzy  classification  without  using  DEM  data, 
as  reported  in  table  I  . 

As  the  table  shows,  the  overall  correct 
classification  for  the  fuzzy  system  is  about 
91%  versus  the  86%  value  for  the  ML  one. 
This  situation  is  explained  by  a  better 
attribution  ,  in  the  fuzzy  case,  of  urban, 
bare  soil,  coniferous  reafforestation,  and 
vineyards  classes,  whereas  pasture,  olive 
groves  and  cropland  are  classified  with  the 
same  precision  by  the  two  systems. 

Table  II  shows  the  final  result  obtained 
when  applying  the  fuzzy  rules  to  the  data  set 
Integrated  with  DEM  data.  The  corresponding 
classification  map  is  shown  in  fig.  2.  A 
slightly  better  value  of  overall 
classification  accuracy  (near  the  94%  of 
pixels  are  correctly  classified)  is  obtained, 
because  the  residual  confusion  between  Olive 
grove  and  Pasture  classes  is  resolved  using 
altitude  data. 

VI.  CONCLUSIONS 

In  our  opinion,  when  a  scene  shows  a 
large  percentage  of  non  homogeneity,  due  for 
example  to  the  fragmentation  of  the 
agricultural  fields  or  to  the  variability  in 
land  cover  classes,  a  non  statistical 
approach,  as  a  fuzzy  based  one,  supplies  with 
a  better  description  of  the  real  world  and  a 
classification  system  based  on  that 
description  will  give  better  results.  In 
these  situations,  the  Ituprovement  using  a 
fuzzy  description  versus  a  statistical  one 
will  be  directly  proportional  to  the 
percentage  of  inhomogeneity  in  the  scene. 
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Fig.  2  -  Fuzzy  classification  map. 
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ABSTRACT 

There  are  several  methods  available  for  Integra¬ 
ting  remote  sensing  data  sets  and  also  for  Integrat¬ 
ing  them  ulth  other  information  such  as  geophysical 
and  geological  data.  Several  published  reports  dis¬ 
cuss  successful  application  of  different  types  of  GIS 
(Geographical  Information  System).  There  have  also 
been  theoretical  developments  Including  Bayesian  ap¬ 
proach  In  updating  old  data  sets  with  newly  acquired 
information.  However,  there  are  still  weaknesses  and 
problems.  Many  geological  and  geophysical  data  sets 
often  have  only  partial  coverage  and  In  almost  all 
cases  have  very  different  spatial  resolution.  These 
cause  serious  difficulties  in  certain  cases.  In  this 
research  partial  belief  approach  is  examined  as  a 
mean  to  integrate  remote  sensing  data  with  available 
geological  and  geophysical  data  and  to  successively 
update  the  existing  information  with  newly  observed 
data  over  target  areas.  In  theory,  Dempster-Shafer 
method  appears  to  be  the  roost  suitable  method  but  in 
practise  there  are  several  difficulties  which  have  to 
be  overcome.  One  of  Che  major  difficulties  lies  on 
dependency  of  the  partial  belief  function  on  explora¬ 
tion  targets,  which  can  only  be  defined,  at  present, 
in  case  by  case  approach. 

Keywords:  Data  integration,  Dempster-Shafer  method. 

Evidential  belief  function, Geological  remote  sensing. 

I .  INTRODUCTION 

Integration  of  remote  sensing  and  geological  data 
has  a  long  history,  as  old  as  the  first  geologist  who 
tried  to  map  outcrop  rocks  and  draw  the  field  inform¬ 
ation  on  a  topographic  map.  This  classical  approach 
has  been  successful  for  simple  tasks  and  required 
very  little  theory  or  research.  However,  with  rapid 
advances  in  computer  and  space  tcchiques,  a  digital 
GIS  has  been  developed  and  the  effectiveness  of  the 
powerful  computer  based  GIS  is  generating  renewed 
interest  in  remote  sensing  and  earth  science  communi¬ 
ties.  The  huge  volume  of  remote  sensing  and  geophys¬ 
ical  data  from  the  airborne  and  spaceborne  platforms 
has  also  encouraged  development  of  efficient  GIS  type 
methods  of  data  Integration.  The  most  popular  digital 
data  sets  beside  the  satellite  Images  Include  geology 
map  (lltkalogical  and  structural),  airborne  magnetic 
(total  field  and  gradient)  map,  gravity  map  (in  less 
extent)  and  other  geophysical  data  sets  (Fig.  1),  The 
available  data  sets  are  usually  very  limited  for  al¬ 
most  every  target  area,  both  in  geological  and  geo¬ 
physical  maps  and  remote  sensing  image  data.  In  this 


paper  GIS  type  approach  of  integrating  remote  sensing 
and  ocher  geoscience  data  will  first  be  briefly  re¬ 
viewed  and  theoretical  aspects  of  statistical  and 
evidential  belief  function  approach  will  be  dis¬ 
cussed. 

2.  GIS  AND  DATA  INTEGRATION 

There  have  recently  been  a  number  of  papers  deal¬ 
ing  with  GIS  as  a  cool  for  geological  and  remote 
sensing  data  integration  (Agcerberg,  1988;  Bonham- 
Carter  et  al.,  1988;  Bonham-Carter  and  Agcerberg, 
1989).  Many  of  the  basic  functions  in  GIS  such  as 
preparation  techniques  of  remote  sensing  and  geolo¬ 
gical  data  inventory,  base  map  preparation,  thematic 
compilation  and  map  integration,  can  directly  be  uti¬ 
lized  in  the  geological  remote  sensing  and  geological 
data  integration  (Dangermond  ec  al.,  1987).  Some  of 
the  technical  problems  involved  in  GIS  systems,  such 
as  sliver  errors,  resolution  Inconsistencies  and  in¬ 
consistent  map  classes  are  now  mostly  resolved  by  ef¬ 
ficient  resampling  and  advanced  Interpolation  techni¬ 
ques  and  optimized  systematic  integration  approaches. 
However,  there  are  further  difficulties  of  thematic 
boundary  variability,  transition  zones  and  question¬ 
able  and  missing  data  dilemma.  There  have  also  been 
some  difficulties  in  vector  and  raster  representation 
of  data  sets  and  transformation  techniques. 

These  technical  difficulties  can  be  ironed  out 
with  evolution  of  the  GIS  system.  The  more  serious 
problem  appears  to  be  precise  representation  of  the 
Information  on  each  data  set  prior  to  data  integra¬ 
tion.  In  GIS,  a  given  plane  of  data  is  generally  re¬ 
classified  or  generalized  before  merging.  Reclassifi¬ 
cation  or  generalization  of  attributes  itself  is  not 
a  technically  difficult  process  (Dangermond  et  al., 
1987).  When  it  comes  to  reassigning  of  observed  In^ 
formation  on  each  data  set,  there  exists  considerable 
difficulty  and  misunderstanding  on  how  each  class 
should  represent  what  range  of  signal  power  or  mapped 
information.  In  most  GIS  systems,  available  today, 
points,  linos  and/or  polygons  represent  either  a  cer¬ 
tain  information  or  feature  or  absence  of  them.  In 
this  approach  any  map  information  is  represented  as 
binary  map  of  [0,1].  This  approach  poses  serious  pro¬ 
blems  for  most  geophysical  survey  data,  where  each 
contour  interval  represents  a  range  of  particular 
field  values.  Another  difficulty  arises  from  miasino 
data.  If  a  geological  map,  for  example,  shows  only 
10%  outcrop  distribution  and  the  rest  is  covered  by 
glacial  deposits,  integration  of  the  basement  geology 
with  other  data  must  have  a  formalism  to  represent 
the  interpreter's  Ignorance  or  missing  information. 
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In  a  recent  development,  called  "weights  of  evi¬ 
dence"  mapping,  each  input  map  is  converted  to  binary 
form  whore  the  two  map  classes  are  determined  by  the 
target  objectives  (Bonham-Carter  et  al.,1988;  Bonhnm- 
Carter  and  Agterborg,  1989).  In  the  binary  map  analy¬ 
sts,  for  example,  score  for  gold  occurrence  is  sot  to 
1  and  non-occurrence  to  0  and  a  CIS  system  such  as 
SPANS*  can  be  used  to  integrated  geological,  geophys¬ 
ical  and  mineral  occurrence  data  and  to  evaluate  a 
certain  target  potential  (Bonham-Carter  et  al,,l988). 
(*  -  Trade  Mark  of  TYDAC  Technologies  Inc).  The 
weights  of  ovidenco  modelling  and  binary  map  approach 
appeals  due  to  its  simplicity.  However  this  method 
breaks  down  when  the  "weights  of  evidence"  Is  re¬ 
quired  for  data  sets  with  continuously  varying  data 
values  or  for  data  sets  which  do  not  exist  (unsur¬ 
veyed  or  unexplored)  (Badeh,  197A;  Bonham-Carter  et 
al.,  1988). 

3.  EVIDENTIAL  REASONING  AND  DEHPSTER-SHAFER  METHOD 

In  the  following  discussions,  digital  map  invent¬ 
ory  preparation  (geological  and  geophysical),  crea¬ 
tion  of  base  map,  resampling,  interpolation  and  geo¬ 
coding  are  assumed  to  have  been  carried  out  and  em¬ 
phasis  will  be  focused  on  theoretical  aspects  only. 
It  will  also  be  assumed  that  each  plane  of  inform¬ 
ation  has  originated  from  multiple  but  disparate 
sources.  The  information  level  or  evidences  can  then 
cither  have  varying  degree  of  '•ertalnty  to  several 
environmental  possibilities,  a  incorrect  or  arc 
incomplete.  If  one  can  assign  a  degree  of  belief  to 
each  evidence,  as  in  the  evidential  theory  of  belief, 
evidences  with  varying  degree  of  certainty  can  bo  re¬ 
presented  by  partial  belief  functions  (Shafer,  1976). 

Suppose  there  is  environmental  posslblltles  Cj>«2’ 

...e  ,  such  that 
n 

=  <“l-  ®2-  . °n> 

then  each  proposition  is  completely  defined  by  the 
subset  of  E  containing  exactly  those  environmental 
possibilities  where  the  proposition  is  true.  If,  in  a 
given  data  set,  geological  formations  c^  and 
cannot  bo  distinguished  in  terms  of  at  least  one  pro¬ 
position  of  Interest,  they  should  be  replaced  by  a 
single  environmental  element.  The  proposition  "an 
ultramaflc  stock  is  located  at  (x,y)"  then  corres¬ 
ponds  to  the  subset  of  environmental  possibilities, 
that  some  kind  of  ultramaflc  rock  is  located  at 
(x,y).  Now  a  geophysicist  can  represent  one's  partial 
belief  through  a  Bayesian  distribution  over  E.  This 
is  done  by  distributing  a  unit  of  belief  among  the 
elements  of  E  attributing  commonsurately  greater 
amounts  to  the  more  likely  elements.  If  one  desig¬ 
nates  this  distribution  by  the  mapping  'dlst' 

dlst  :  E-tO,l] 

dist  (c)  s  1.0. 

This  Induces  a  probability  on  every  proposition  X 
defined  over  each  layer  of  digital  Information  (Fig. 
1)  such  that 

for  all  XCE,  Prob(X)  =  dlst(o) 

ocX 

and  it  follows  that 

Prob(X)  =  1.0  -  Prob(-]X). 

The  problem  with  this  approach  is  that  the  geophysi¬ 
cist  has  to  determine  a  precise  probability  for  every 
proposition  for  each  map  layer  no  matter  how  impover¬ 
ished  the  evidence.  This  would  not  be  such  a  problem 


if  there  were  a  rich  source  of  statistical  data  for 
each  map  layer  from  which  these  probabilities  could 
be  estimated.  Unfortunately,  in  most  cases,  each  di¬ 
gital  Information  layer  of  geological  and  geophysical 
data  base  is  often  incomplete  and  the  Bayesian  stati¬ 
stics  tends  to  prefer  disjunction  of  the  mutually  ex¬ 
clusive  propositions  which  often  results  in  unrealis¬ 
tic  probability  of  certain  propositions. 

In  the  evidential  belief  function  approach  a  pro¬ 
position  X  is  represented  by  an  Interval  SpV(X)  and- 
Pls(X),  where  the  latter  represents  degree  to  which 
the  evidence  supports  the  proposition  X  and  the  [orr 
mer  represents  degree  to  which  the  evidence  remains 
plausible.  This  evidential  interval  is  a  sub-interval 
of  the  closed  real  interval  [0,1].  The  difference, 
Pls(X)  -  Spt(X),  represents  residual  Ignorance  of  the 
given  subset  of  environmental  elements.  If  one  has 
accurate  and  exact  information,  the  evidential  inter¬ 
val  collapses  to  a  point  in  [0,l].  In  the  binary  map 
approach  of  integrating  geological  data  (Bonham- 
Carter  et  al.,  1988;  Bonham-Carter  and  Agterborg, 
1989)  and  many  other  data  integration  methods  using 
CIS  implicitly  assume  such  hypothetical  limits. 

A  unit  of  belief  over  a  set  of  propositions  can  be 
distributed  as  a  mass  distribution  where  the  focal 
propositions  need  not  be  mutually  exclusive,  such 
that 

mass  ;  2^ — ►[0,1] 
mass(F)  =  l.O 

F^E 

mnss(0,0)  a  0,0. 

Here,  it  should  be  noted  that  the  sum  of  Che  mass 
attributed  to  propositions  that  imply  X  (Spc(X)  plus 
the  sum  of  the  mass  attributed  to  propositions  chat 
lmply-^X(Spt(-jX))  do  not  necessarily  equal  l.O,  since 
some  mass  migne  be  attributed  to  propositions  that 
imply  neither. 

If  rock  formations  represented  by  F  could  be  in¬ 
cluded  for  Che  proposition  X,  an  evidential  interval 
can  be  induced  on  the  probability  of  X  such  chat 

Spc(X)  =  ^  maB8(F) 

FtX 


and 


Pls(X) 


l.O  -  Spt(-]X) 


1.0 


mass(F) 


V  X  9  E 

Spt(X)  <Prob(X)  <Pls(X). 


Viewed  intuitively,  mess  is  attributed  Co  the  most 
precise  propositions  a  body  of  evidence  supports. 
Bayesian  approach  requires  that  a  precise  probability 
be  assigned  to  each  evidence  (eg.  type  of  rocks),  no 
matter  how  noisy  the  data  (eg.  uncertainty  in  identi¬ 
fying  the  rock  types)  are  and  no  matter  how  little 
statistical  data  (eg,  Insuflcienc  number  of  outcrops) 
are  available.  In  Dempstcr-Shafer  approach,  one  com¬ 
putes  Spt(X)  and  Pls(X)  based  on  an  understanding  of 
the  propositional  dependencies  Chat  exist  within  the 
environment  under  study.  If  a  mass  is  attributed  to 
some  proposition  X  and  it  is  not  known  whether  X  im¬ 
plies  another  proposition  Y  or-^Y,  then  Che  judgement 
nan  he  siisponded  and  the  Incograeion  process  branches 
to  an  available  vertical  option.  Mass(X)  neither  in¬ 
creases  Spt(X)  nor  decreases  Pls(X),  but  contributes 
to  the  evidential  interval.  This  ability  to  represent 
Che  ignorance  gives  Dcmpstcr-Shafer  approach  a  clear 
advantage  over  Bayesian  approach  which  breaks  down. 
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In  Dempster-Sh<i£er  approach,  Dempster's  rule  does  not 
require  that  one  body  of  evidence  support  a  single 
proposition  with  certainty.  The  rule  can  take  arbit¬ 
rary  complex  mass  distributions  massj  and  masSj  and 
as  long  as  they  are  not  completely  contradictory  with 
respect  to  each  other,  and  can  produce  a  third  mass 
distribution  masSj.  Therefore,  given  F^,  ?2  and  In 
a  digital  map  layer. 


masSj 


FI,  F2,  F3  C  E  ^ 

irnt  Fj^=F3  "®“i 


(Fj)  masSj  (Fj) 


tlon  which  critically  depends  on  the  final  explora¬ 
tion  target. 
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where 

k  =  /  .  mass,  (F,)  mass,  (F.)  <  l.O  . 

FirT2=0 

since  Dempster's  rule  Is  both  commutative  and  associ¬ 
ative,  the  order  and  grouping  of  combinations  are 
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imbedded  In  It.  With  this  capability  an  exploration¬ 
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related  to  the  exploration  target  entitles. 
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approach  In  gcological/geophyslcal  remote  sensing 
lies  in  the  variation  of  the  evidential  belief  func- 
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7.  FIGURE  CAPTION 

Figure  1.  Schematic  diagram  of  remote  sensing  and 
other  geological  and  geophysical  data  to 
be  integrated. 


Fig«  I*  Schematic  diagram  of  remote  sensing  and  other  geological 
and  geophysical  data  to  be  integrated* 
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In  order  to  use  high  resolution,  remote  sensing  imagery  in  mountainous  terrain, 
one  must  make  use  of  digital  terrain  models  (DTMs).  These  models  are  used  to  provide 
elevation,  aspect,  and  slope  features  for  interpretation.  They  are  used  to  geometrically 
correct  the  imagery  for  topographic  relief.  Such  models  are  the  basis  for  computation  of 
shadowed  areas  and  multiple  reflectances.  In  simulating  the  image  which  would  be 
produced  for  a  given  surficial  cover,  illumination  angle,  and  viewing  angle,  one  must  use 
the  DTM  and  the  bi-directional  reflectance  functions  of  various  covers.  Given  the 
extensive  and  complex  uses  to  which  DTMs  can  be  put,  it  is  of  interest  to  know  the 
impact  of  errors  in  the  DTMs  for  these  various  uses.  In  order  to  simplify  and  codify  this 
knowledge,  expert  systems  can  play  an  important  role  in  arivising  users  on  the  uses  and 
restrictions  for  particular  DTMs. 

This  paper  reports  on  experiments  axtducted  to  Investigate  these  errors.  We  have 
used  elevation,  slope,  and  aspect  as  features  combined  with  spectral  and  textural  features 
for  Thematic  Mapper  imagery.  DTMs  have  also  been  used  to  generate  synthetic  images 
corresponding  to  the  solar  illumination  angles  seen  over  one  day  (June  21)  and  over  one 
year  at  the  satellite  imaging  time.  A  muiti-expert  system  has  been  developed  to  advise 
users  on  image  analyst.  An  important  component  of  the  Data  Preparation  Expert  is  the 
DTM  Expert.  This  expert  system  contains  knowledge  about  errors  found  in  DTMs.  The 
reality  of  these  errors  is  that  they  vary  across  the  DTM  and  are  functions  of  the  methods 
used  to  make  the  DTM,  the  topographical  relief,  the  surficial  cover,  and  the  positional 
location.  This  reality  is  modeled  simply  in  the  DTM  Expert  at  this  time.  However,  as  we 
gain  experience  and  knowledge  of  typical  DTM  errors,  the  DTM  Expert  will  generate 
revised  accuracy  estimates  for  each  point  in  the  DTM.  Depending  upon  the  use  of  the 
DTM,  it  may  be  necessary  to  use  the  DTM  at  several  different  resolutions. 

For  example,  for  elevation  errors  at  1:20,000  scale,  the  computation  of  shadowed 
areas,  for  example,  will  have  errors  of  r,  -rater  than  10m  given  an  elevation  RMS  error  of 
9  meters  (Lasserre*).  A  digitized  1:50,000  scale  map  (A1)  with  a  contour  interval  of  30m 
can  produce  a  DTM  with  25m  pixels,  but  to  use  svch  a  DTM  for  slope  and  aspect 
calculations,  it  is  necessary  to  consider  interpolation  errors  as  well  and  to  degrade  the 
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^Lasserre,  M.  1989,  private  coronunication. 
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DTM  resolution  to  perhaps  120m  pixels  (Peuker®)  in  order  to  have  acceptable  errors  for 
slope,  aspect,  and  other  topographic  descriptions.  Geometric  errors  of  greater  than  0.5 
pixels  will  substantially  reduce  the  accuracy  of  a  multi-dimensional  classification. 

The  large  angular  size  of  the  sun  (S't’  arc)  results  in  umbral  and  penumbral  pixels. 
In  other  v;ords,  there  are  pixels  completely  in  shadow  and  pixels  partially  shadowed. 
These  pixels  may  receive  reflectance  contributions  from  opposite  slopes  which  could  lead 
to  an  incorrect  interpretation  of  the  objects. 

The  paper  describes  a  Digital  Terrain  Model  expert  system  which  is  integrated 
into  a  multi-expert  system  for  advising  on  satellite  image  interpretation.  This  expert 
system  is  written  in  Proiog  and  controls  processes  written  in  FORTRAN  on  several 
computers.  The  expert  system  contains  the  knowledge  derived  from  these  experiments 
in  the  form  of  rules,  frames,  and  procedures.  The  result  is  that  the  user  is  guided  in  the 
correct  use  of  DTMs  and  thus  avoids  the  common  pitfalls  of  attempting  to  use  DTMs  at 
resolutions  at  which  errors  are  large. 


^Peuker,  T.  K. ,  R.  J.  Fowler,  J.  J.  Little,  and  D.  H.  Mark 
1976,  "Digital  Representation  of  Three-Dimensional  Surfaces  by 
Triangulated  Irregular  Networks  (TIN),"  Tech.  Report  No.  10,  Office 
of  Naval  Research,  Arlington,  VA,  U.S.A. 
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ABSTRACT 

A  knowledge  based  system  for  the  interpretation  of  SAR  images  of 
sea  ice  has  been  developed  to  the  prototype  stage.  The  system 
contains  approximately  100  rules  and  is  capable  of  classifying  SAR 
images  based  on  a  minimal  set  of  feature  information  supphed  by  the 
user.  The  system  runs  on  a  small  computer  and  can  be  used  to  assist 
non-experts  make  correct  SAR  ice  interpretations.  It  also  contains  a 
SAR  image  database  of  representative  ice  types  which  can  be 
displayed  and  used  for  training. 

Keywords:  SAR,  Ice  Classification,  Expen  Systems,  Knowledge 
Based  Systems 

1.  INTRODUCTION 

A  dominant  factor  in  both  Canada's  offshore  environment  and  other 
northern  countries  is  the  more  or  less  continuous  presence  of  sea 
ice.  With  the  growing  commercial  development  of  these  offshore 
frontier  areas  there  has  arisen  the  need  for  better,  more  reliable 
information  on  ice  conditions.  Those  operators  who  require  such  ice 
information  include:  ice  breakers  and  ice  breaking  tankers  capable  of 
year  round  operation,  lightly  reinforced  vessels  which  have  more 
restricted  operations,  and  oil  and  gas  drilling  and  production 
platforms. 

Synthetic  aperture  radar  (SAR)  has  proven  to  be  an  ideal  sensor  for 
mapping  these  ever  changing  ice  conditions.  Both  airborne  and 
spaceborne  SARs  typically  achieve  ground  resolutions  of  the  order 
of  5  to  30  metres  which  is  suitable  for  mapping  the  important 
surface  characteristics  of  sea  ice  under  all  weather  and  ambient  light 
conditions. 

It  is  possible  to  determine  ice  type,  hence  infer  iee  thickness  using 
both  SAR  and  a  knowledge  of  the  processes  that  act  on  an  ice  sheet 


during  it's  growth  and  development.  One  of  the  main  problems  with 
this  procedure  however,  is  the  fact  that  an  expert  is  usually  required 
to  make  these  interpretations. 

This  paper  describes  the  development  of  a  knowledge  based  system 
for  the  interpretation  of  SAR  images  of  sea  ice.  The  system  has  been 
developed  to  the  prototype  stage  and  demonstrates  that  an  expert 
system  approach  can  be  applied  to  this  and  other  complex  image 
interpretation  problems.  Developing  the  system  has  also  resulted  in  a 
much  better  understanding  and  structuring  of  the  underlying 
knowledge  required  for  the  job  of  ice  classification. 

The  system  described  is  capable  of  classifying  SAR  images  based 
on  data  input  from  users.  It  runs  on  a  small  computer  and  can  be 
used  in  a  stand  alone  mode,  say  on  the  bridge  of  a  ship,  to  assist 
novices  make  ice  interpretations.  It  also  contains  a  digital  SAR 
image  database  of  representative  ice  types  which  can  be  displayed 
and  therefore  used  as  a  training  system  by  observing  the  way  the 
system  classifies. 

2.  KNOWLEDGE  ACQUISITION 

It  was  clear  from  the  start  of  this  program  that  the  specific 
classification  of  ice  types  and  the  features  that  contribute  to  Jie 
definition  of  these  types  is  a  subject  of  some  controversy  and  is  not 
well  documented.  It  is  further  complicated  by  the  fact  that  experts 
often  disagree  about  the  importance  of  certain  features  required  for 
classification  particularly  when  classifications  are  primarily  made  on 
the  basis  of  a  single  sensor  like  SAR. 

INTERA's  initial  interviewing  and  questioning  of  several  ice 
classification  experts  revealed  that  it  was  very  difficult  for  them  to 
describe  what  they  do  when  they  classify.  Experts  generally  have  no 
model  upon  which  to  base  their  expertise.  A  series  of  structured 
experiments  were  therefore  undertaken  to  elicit  this  knowledge  using 
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an  image  display  system  and  a  computer  based  knowledge 
engineering  tool  developed  by  Shaw  and  Gains  [1]  which  is  based 
on  Kelly’s  Personal  Construct  Psychology  [2], 

The  knowledge  engineering  tool  called  PCS  is  an  interactive 
computer  aid  which  incorporates  techniques  for  eliciting  the  expert's 
vocabulary  and  structuring  some  aspects  of  the  domain  knowledge. 
The  methodology  employed  involved  six  experts,  making 
comparisons  between  a  triad  of  randomly  chosen  SAR  images, 
viewed  in  sequence,  in  order  to  describe  similarities  and  differences. 
Subjects  completed  20  uials  and  were  asked  to  indicate:  how  a  given 
image  was  different  from  the  other  two  images  observed,  how  the 
other  two  images  were  similar,  and  to  generate  a  construct  name  for 
the  features  etc.  that  distinguished  these  images.  Subjects  then  rated 
each  image  with  respect  to  this  construct  using  a  five  point  scale  to 
indicate  the  presence  or  absence  of  a  particular  feature.  Subjects 
were  also  asked  to  rate  the  importance  of  each  construct  to  the  task 
of  ice  classification.  Examples  of  constructs  include  the  presence  or 
absence  of  such  features  as:  angular  floes,  fine  texture, 
homogeneous  tone,  ridging,  etc. 

A  repertory  grid  was  constructed  as  a  way  of  representing  these 
constructs  which  contained  a  set  of  bipolar  distinctions  made  about 
the  images.  The  PCS  program  contained  several  features  to  analyse 
and  determine  inter-relations  between  constructs  using 
distance-based  cluster-analytic  techniques,  principal  components 
methods,  and  Shaw's  FOCUS.  Constructs  from  all  experts  were 
pooled  into  an  initial  set  of  3 1  constructs. 

The  second  stage  in  the  knowledge  acquisition  phase  involved  the 
establishment  of  a  construct  matrix  where  the  subjects  were  asked 
whether  a  particular  pooled  construct  was  present  or  absent  on  a 
given  set  of  images  and  to  indicate  the  importance  of  the  constructs 
to  each  ice  type.  The  images  included  examples  of  the  following  ice 
types:  New  Ice,  First-Year  Ice,  Second-Year  Ice,  and  Multi-Year 
Ice.  The  results  of  this  session  showed  that  experts  strongly  agreed 
on  the  ice  type  when  certain  key  constructs  arc  either  unequivocably 
present  or  absent. 

These  experiments  generated  a  preliminary  knowledge  base  of 
features  and  constructs  which  are  used  by  expens  for  classification. 

It  was  clear  however,  that  expens  use  a  great  deal  more  informadon 
when  classifying,  including  knowledge  of  the  regional  ire 
climatology.  The  preliminary  knowledge  base  was  therefore 
augmented  with  additional  knowledge  extracted  from  two  key 
experts  using  additional  example  images  and  an  ongoing 
interviewing  technique. 

It  should  be  noted  that  the  image  data  sets  used  in  these  experiments 


were  limited  to  the  ice  conditions  of  the  Americar.  and  Canadian 
Beaufort  Seas  and  the  Canadian  Arctic  during  freezing  and  meldng 
conditions.  Thus  the  domain  of  knowledge  contained  in  the  system 
is  restricted  to  these  areas. 

3.  KNOWLEDGE  REPRESENTATION 

A  rule  based  system  was  chosen  for  the  prototype  since  the 
classification  procedure  naturally  seemed  to  fit  into  this  form  of 
representation.  The  rule  sets  were  written  for  specific  ice  types  and 
rely  on  the  presence  of  image  features  and  elements,  as  well  as  other 
information,  such  as  time  of  year  and  geographic  location.  Only 
affirmative  constructs  are  used  for  the  "ice-type  rules".  These 
"affirmative"  rules  require  that  the  appropriate  constructs  or  feanires 
be  present  in  the  image.  An  example  of  an  affirmative  rule  is; 

If 

there  is  evidence  of  floe 

And  floe. composition  is  "Conglomerate" 

Andfloe.shape  is  "Round  ""Round-Angular" 

And  tone.inner  is  "  Grey",  "Bright  Grey",  "Bright" 
Then  OldJce_3  is  confirmed 

In  addition  to  affirmative  rules  a  second  type  of  rule  termed 
"supportive"  is  also  used.  These  supportive  rules  evolved  out  of 
the  process  of  determining  unique  characteristics  for  each  ice  type,  a 
task  which  proved  to  be  rather  difficult.  There  are  however,  several 
characteristics  for  each  ice  type  which  typically  lend  support  to  the 
interpretation,  but  which  arc  not  unique  to  that  ice  type.  These  are 

termed  supportive  constructs  since  they  lend  support  to  the 
conclusion  reached  via  the  affinnative  rules.  Once  the  affirmative 
rules  are  fired  and  a  conclusion  reached,  the  system  checks  the 
supportive  rules  to  verify  that  this  conclusion  is  correct.  These 
supportive  rules  are  also  particularly  valuable  in  training  situations 
when  expressed  along  with  the  affirmative  rules  since  they  show  the 
user  how  the  system  arrived  at  it's  classification.  An  example  of  a 
supportive  rule  is: 

If 

there  is  evidence  of  floe 
And  there  is  evidence  of  floe. size 
And  there  is  evidence  of  ridge 
Then  Old_Jce_3  jupport  is  confirmed 

One  more  rule  type  has  also  been  incorporated  into  the  system.  This 
rule  type,  termed  "precluder"  is  used  to  exclude  ice  types  whenever 
possible.  The  reasoning  here  is  that  there  are  times  when  an  ice  sheet 
has  so  few  features  that  a  classification  is  almost  impossible.  It  is 
however,  usuallv  Dossible  to  exclude  some  ice  types,  which  is  in 
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itself,  useful  for  the  classification  process.  An  example  of  an 
precluder  rule  is: 

If 

there  is  evidence  of  renting 

Then  not  Jirst_year  is  confirmed 

The  above  rules  have  not  been  designed  to  handle  mixtures  of 
different  ice  types  since  this  was  seen  as  a  future  development.  It  is 
interesting  to  note  that  the  prototype  runs  in  an  exhaustive  manner 
searching  the  knowledge  base  for  matches  until  all  rules  have  been 
checked.  If  the  area  of  interest  actually  contains  more  than  one  ice 
type,  the  system  will  output  results  indicating  that  different  ice  types 
are  present. 

One  addition  to  the  system  has  been  the  division  of  the  Canadian 
Arctic  into  four  unique  ice  zones.  These  zones  were  determined 
from  the  identification  of  unique  ice  characteristics  identified  on 
numerous  images.  An  example  of  one  of  these  zones  is  the  Nonhem 
Arctic  Islands.  Within  the  zone  are  three  landfast  multi-year  ice 
plugs.  By  having  the  user  identify  the  geographic  area  the  system  is 
more  quickly  able  to  determine  the  ice  type. 

4.  PROTOTYPE  SYSTEM 

The  prototype  ice  classification  system,  has  been  developed  using 
Neuron  Data  Inc's,  expert  system  shell,  Nexpert  Object.  Nexpett 
Object  was  chosen  for  the  prototype  since  it  is  a  relatively  low  cost 
tool  written  in  "C"  which  can  run  on  a  variety  of  PC's, 
workstations,  and  mainframe  computers.  Thus,  applications 
developed  on  one  computer  system  can  be  easily  ported  to  other 
systems.  Nexpert  Object  is  a  hybrid  tool,  combining  structured 
representations  and  rules.  It  is  built  around  a  reasoning  kernel  with 
forward  and  backward  chaining,  automatic  goal  generation,  multiple 
inheritance,  and  direct  calls  to  external  routines.  It  also  has  an 
excellent  developer's  interface. 

The  system  was  developed  on  a  68030  workstation  (MacIIx) 
containing  4  Mbytes  of  RAM,  a  160  Mbyte  internal  hard  disk  and  a 
high  resolution  (1152x882)  colour  monitor. 

Nexpert  Object  also  offered  a  unique  feature:  the  ability  to 
automatically  create  a  visual  representation  of  the  links  between 
concepts  and  rules  (i.e.  a  mle  network).  This  was  an  invaluable  tool 
for  the  development  of  the  prototype  since  it  allowed  both  the 
system's  developers  and  the  experts  to  see  a  graphical  representation 
of  the  rules  and  to  trace  the  reasoning  of  the  system  during 
processing. 


Both  forward  and  backward  chaining  are  employed  in  the  prototype. 
The  system  processes  rules  on  the  basis  of  hypotheses  suggested 
and  from  user  input.  The  system  proceeds  with  a  depth  first  search 
from  a  root  context  to  a  context  selected.  A  series  of  parameters, 
stored  in  meta-slots,  have  been  customised  to  generate  menus  for 
user  input  whenever  input  is  required  during  the  inferencing 
process. 

A  custom  graphics  user  interface  was  written  for  this  application. 
This  interface  allows  both  text  and  imagery  to  be  combined  on  the 
display.  Digital  images  that  are  stored  on  the  system  are  displayed  in 
two  windows.  One  window  displays  an  overview  image  of  wide 
areal  extent.  This  overview  image  was  found  to  be  important  since 
it  contains  the  contextual  information  necessary  for  classification.  A 
second  window  displays  a  zoomed-in  portion  of  the  overview  image 
at  full  resolution.  A  coloured  box  is  used  to  outline  the  area  of 
interest  and  focus  the  user's  attention  on  a  given  ice  type.  A  third 
window  located  at  the  bottom  of  the  screen  is  used  for  user 
interaction.  The  style  of  this  interaction  is  based  on  the  Macintosh 
interface  standard  where  the  user  interacts  with  the  system  via  a 
mouse  and  in  some  instances  with  an  attached  keyboard.  A  series  of 
tri-state  buttons  are  used  to  represent  menu  choices. 

An  important  feature  of  the  user  interface  is  the  use  of  templates. 
These  templates  are  used  to  solicit  information  on  criteria  such  as 
tone  and  texture  where  it  is  difficult  to  express  in  words  a  relative 
value  for  these  attributes.  For  example,  the  user  is  presented  with  a 
grey  scale  and  asked  to  match  the  overall  tone  of  the  image. 
Similarly  a  series  of  examples  of  various  textured  images  are  also 
presented  and  the  user  asked  to  match  the  image  to  one  of  the 
examples. 

An  extensive  help  facility  is  also  incorporated  into  the  system.  The 
meaning  of  various  terms  used  by  the  system  is  displayed 
automatically  any  time  the  user  moves  his  cursor  over  a  referenced 
term.  In  addition,  actual  image  examples  of  various  features  and 
terms  can  also  be  displayed  by  hitting  the  help  button. 

In  should  be  noted  that  the  prototype  development  went  through 
several  iterations  and  evaluations  before  the  current  system  emerged. 
This  process  of  prototyping  and  evaluation  proved  to  be  an  excellent 
way  of  soliciting  further  information  from  the  experts  and  made  it 
easier  for  them  to  communicate  with  the  system  programmers. 

5.  SYSTEM  OPERATION 

The  prototype  system  has  been  designed  to  analyse  any  SAR  image 
in  the  geographic  regions  outlined  earlier.  The  system  contains  a 
number  of  SAR  images,  stored  in  digital  format  on  disk  that  may  be 
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brought  to  the  screen  for  analysis.  In  addition  the  user  may  analyse 
other  imagery  which  may  be  in  the  form  of  positive  prints,  film 
negatives,  etc. 

Users  are  asked  to  view  an  image  and  are  then  asked  to  input  easily 
recognisable  features,  patterns,  constructs,  and  other  relevant 
information  which  is  used  by  the  system  for  classification.  The  area 
to  be  classified  on  the  stored  images  is  outlined  and  represents  a 
single  ice  type.  The  system  classifies  the  ice  into  one  of  the 
following  types:  New,  Young,  First-Year,  Second- Year,  and 
Multi-Year.  First-Year  ice  is  further  divided  into  smooth,  ridged, 
rough,  and  very  rough. 

In  many  cases  the  system  is  able  to  classify  the  ice  with  a  minimum 
amount  of  supplied  information,  sometimes  requiring  only  three 
inputs  from  the  user.  This  has  implications  for  those  researchers 
attempting  to  perform  machine  classificadon  since  it  may  present  a 
way  of  reducing  the  amount  of  processing  required.  In  order  to 
make  the  prototype  more  useful  as  a  training  tool,  it  was  configured 
so  that  the  user  must  go  through  a  complete  line  of  logical 
questioning  before  any  output  is  presented.  These  questions  are 
presented  in  an  order  thought  to  be  a  reasonable  representation  of  the 
way  that  an  experienced  ice  interpreter  would  proceed. 

The  output  fiom  the  system  consists  of  a  display  of  the  rules  that  are 
fired  and  the  classification  made.  The  rule  types  include  the 
affirmative,  supportive,  and  precluder  rules  outlined  earlier.  In 
order  to  make  the  system  more  useful  for  training,  a  journal  file  is 
also  created  on  the  system.  This  T.le  is  used  to  record  the  path  of 
decision  making  that  the  system  took  to  arrive  at  a  classification. 

A  great  deal  more  work  is  required  to  validate  the  accuracy  of  the 
classifications  made  by  the  system.  At  present  it  has  been  confirmed 
by  at  least  one  external  expert  that  the  system  accuracy  is  about  75% 
for  new,  young,  and  first-year  ice  and  about  85%  accurate  for  old 
ioc. 


fully  automated  ice  classification  systems. 

The  techniques  developed  for  the  ice  classification  problem  are  also 
directly  applicable  to  many  other  imaging  problems  requiring 
classification  by  experts. 
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6.  CONCLUSIONS 

A  knowledge  based  system  for  the  interpretation  of  SAR  images  of 
sea  ice  has  been  developed  that  is  capable  of  classifying  SAR  images 
based  on  a  minimal  set  of  feature  information  supplied  by  the  user. 
The  system  can  be  used  to  assist  non-experts  make  correct  SAR  ice 
interpretations  and  can  also  be  used  for  training 

Unlike  other  attempts  to  do  fully  automated  machine  processing  of 
SAR  images,  a  top-down,  knowledge  based  approach  has  been 
taken  to  fully  understand  what  important  features  and  information 
arc  necessary  for  classification.  Ihis  elicitation  and  structuring  of  the 
knowledge  is  seen  as  a  necessary  step  in  the  devolopmcnt  of  any 
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Ahjtract 

Geographical  information  derived  from  remote  sensing  im¬ 
agery  is  intrinsically  imprecise.  The  currently  used  techniques 
in  remote  sensing  expert  system  researches  cannot  represent 
and  process  the  imprecise  information  properly.  Alternative 
techniques  are  required. 

In  this  paper,  an  expert  system  for  remote  sensing  land 
covet  change  detection  is  described.  The  system  has  been  de¬ 
veloped  by  using  the  fuizy  techniques  to  deal  with  the  impre- 
ciseness.  The  major  techniques,  in'Iuding  fuzzy  representation 
of  geographical  information,  fuzzy  classification  of  remote  sens¬ 
ing  imagery  and  approximate  reasoning,  ace  discussed  in  detail. 

The  system  algorithm  and  analysis  results  ate  presented. 

1  Introduction 

In  recent  years,  experiments  with  e.xpert  systems  have  taken  place 
in  remote  sensing  to  help  automate  the  processes  of  digital  image 
analysis.  In  building  an  expert  system,  it  is  critical  to  develop  proper 
representation,  analysis,  and  reasoning  techniques  which  are  suitable 
for  the  problem  to  be  solved. 

Geographical  information  derived  from  remote  sensing  imagery 
is  imprecise  in  nature.  Many  relevant  concepts  do  not  have  pre¬ 
cisely  defined  intension  and  extension.  “Grass  land”  and  “soil”  are 
such  concepts.  In  talking  about  land  cover,  a  piece  of  land  with 
sparse  grass  can  be  classified  into  either  grass  land  or  soil.  There 
IS  not  a  well  specified  criterion  for  distinguishing  between  the  two 
cover  types.  The  impreciseness  also  result*  from  natural  variations 
or  arises  through  original  measurements  as  well  rs  data  processing. 
In  building  an  expert  system  for  remote  sensing  image  analysis,  the 
problem  of  information  impreciseness  must  be  paid  attention. 

However,  in  the  current  remote  sensing  expert  system  researches, 
the  techniques  for  information  representation,  analysis  and  reasomng 
are  implicitly  based  on  classical  set  theory  and  Boolean  logic  which 
are  intended  for  precise  information.  Such  techniques  inevitably 
lead  to  information  loss  and,  in  turn,  low  analysis  accuracy.  To 
improve  knowledge-based  remote  sensing  image  analysis,  alternative 
techniques  must  be  developed  which  can  represent  and  process  the 
imprecise  information  well. 

In  this  paper,  an  expert  system  for  land  cover  change  detection 
IS  described.  The  system  monitors  the  process  of  urbanization  by 
analyzing  Landsat  imagery.  It  detects  areas  of  change  and  identifies 
the  following  types  of  change,  from  vegetation  to  housing  construc¬ 
tion,  from  housing  construction  to  urban,  from  vegetation  to  urban, 
and  crop  rotation  or  others  The  system  performs  automated  image 
analysis  No  user  involvement  is  required  during  the  entire  process 
of  change  detection. 


To  deal  with  the  impreciseness,  a  fuzzy  representation  model  is 
used  to  represent  geographical  information,  a  fuzzy  classification  al¬ 
gorithm  has  been  developed  to  improve  classification  accuracy  and 
extract  mote  spectral  information  from  remote  sensing  data,  and  an 
approximate  reasoning  method  has  been  developed  o  make  reason¬ 
ing  on  imprecise  information. 

2  Fuzzy  Sets 

Let  Jf  be  a  universe  of  discourse,  whose  generic  elements  are  denoted 
z.  Thus,  X  =  {z}.  Membership  in  a  classical  set  A  of  X  is  often 
viewed  as  a  characteristic  function  XA  from  X  to  {0,1}  such  that 
Xa(«)  =  1  if  and  only  if  *  €  A. 

A  fuzzy  set  (6)  B  in  X  is  characterized  by  a  membershtp  function 
fs  which  associates  with  each  x  a  real  number  in  (0,1).  /b(i)  repre¬ 
sents  the  “grade  of  membership”  of  x  in  B.  The  closer  the  value  of 
fsix)  is  to  I,  the  more  x  belongs  to  B. 

In  classical  set  theory,  a  set  has  precisely  defined  boundaries  and 
an  element  either  belongs  to  a  set  or  not  at  all.  No  third  situation 
is  allowed.  However,  in  the  real  world,  there  exist  sets  which  do 
not  have  sharp  boundaries.  Membership  of  their  elements  cannot  be 
simply  specified  as  a  binary  “yes”  or  “no"  criterion,  and  intermediate 
and  mixture  cases  exist.  As  noted,  land  cover  type  “grass  land”  and 
“soil"  do  not  have  a  sharply  defined  boundary  between  them.  Fuzzy 
set  theory  provides  very  useful  tools  to  deal  with  such  sets. 

However,  works  in  remote  sensing  and  other  geographical  infor¬ 
mation  processing  using  fuzzy  sets  are  rather  scarce.  Jeansoulin  et 
al.  (3]  proposed  to  use  the  principles  of  fuzzy  set  theory  to  combine 
criteria  for  automating  multitemporal  segmentation.  Cannon  et  al. 
(ij  developed  a  fuzzy  c-means  clustering  algorithm  to  segment  a  TM 
image.  Zenzo  et  al.  [7]  used  fuzzy  sets  for  contextual  classification. 
These  approaches  can  improve  analysis  to  different  extents.  But, 
they  do  not  fully  bring  out  the  potential  of  fuzzy  sets  for  geographi¬ 
cal  information  handling  since  the  fuzzy  techniques  were  merely  used 
in  limited  phases  of  the  works.  If  fuzzy  sets  car.  be  used  as  consistent 
representation  and  analysis  techniques  throughout  the  entire  proce¬ 
dure  of  information  processing,  analysis  will  be  further  improved. 

3  Fuzzy  Representation  of  Geographical  In- 

Geographical  information  is  conventionally  represented  in  thematic 
maps.  A  map  is  a  set  of  points,  lines  and  areas  that  are  defined 
both  by  their  location  in  space  and  by  their  non-spatial  attributes. 
Currently,  the  hnkage  between  the  spatial  entities  and  their  non- 
spatial  attributes  are  based  on  the  membership  concept  of  classical 
set  theory  -  e  entity  either  has  an  attribute  or  not  at  all. 
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Probabl>  because  that  a  priinarj  objective  of  many  remote  sens¬ 
ing  applications  is  the  classification  of  images  to  prepare  thematic 
maps  and  the  ground  truth  information  required  for  clasrihcr  train¬ 
ing  15  derived  from  thematic  maps  (which  may  not  exist  physically), 
inforiiiatiun  repress-ntation  in  remote  sensing  image  analysis  basically 
follows  the  cunventioni.l  method  Each  pixel  can  only  be  associated 
with  one  cover  class.  Such  a  method  cannot  properly  represent  class 
mixture  and  intermediate  conditions  which  occur  in  most  remote 
sensing  images. 

A  pixel  corresponds  to  a  cell  on  the  ground.  Quite  often,  such  a 
cell  contains  a  mixture  of  surface  cover  classes,  for  example  grass  and 
underlying  soil.  Mixture  may  also  take  place  when  the  size  of  the 
cell  is  larger  than  the  size  of  the  features  about  which  information 
is  desired  Since  currently  only  one  cover  class  can  be  assigned  to 
a  pixel,  information  about  other  component  classes  and  deviation  of 
the  assignment  cannot  be  represented. 

Different  conditions  may  exist  within  a  cover  class  For  exam¬ 
ple,  vegetation  may  be  in  different  conditions  which  are  caused  by 
such  factors  as  plant  health,  age  and  water  content  However,  these 
conditions  cannot  be  differentiated  in  a  thematic  map  unless  more 
classes  are  defined.  It  is  clearly  inaccurate  to  assign  the  same  class 
to  fresh  grass  and  half  dry  grass  without  specifying  their  differences. 
Introducing  more  classes  will  lead  to  higher  analysis  costs  and  no 
matter  how  fine  the  classes  are  defined,  within-class  variability  may 
exist. 

Fuzzy  set  theory  can  provide  a  better  representation  for  geograph¬ 
ical  inforiv.ation,  much  of  which  cannot  be  described  wtil  by  a  single 
class.  In  a  fuzzy  representation,  land  cover  classes  can  be  defined  as 
fuzzy  sets  and  pixels  arc  set  elements.  Each  pixel  is  attached  with 
a  group  of  membership  grades  to  indicate  the  extents  to  which  the 
pixel  belongs  to  certain  classes.  Pixels  with  class  mixture  or  in  in¬ 
termediate  conditions  can  be  described  by  memberslup  grades  For 
example,  if  a  ground  cell  contains  two  cover  types  “soil”  and  “vege¬ 
tation",  It  may  have  two  membership  grades  indicating  the  extents 
to  which  It  IS  associated  with  the  two  classes 

4  Fuzzy  Classification  of  Remote  Sensing  Im¬ 
agery 

In  this  section,  a  fuzzy  classification  is  described  which  consists  of 
fuzzy  partition  of  spectral  space  and  fuzzy  parameters. 

A  ground  cover  class  has  its  spectral  characteristics  which  de¬ 
pend  upon  the  interaction  of  electromagnetic  waves  with  that  class. 
In  a  given  radiometric  band,  a  pixel  value  of  a  remote  sensing  im¬ 
age  1$  a  function  of  the  reflectance  from  component  classes  of  the 
corresponding  ground  cell  (2].  A  rmxed  or  heterogeneous  pixel  has 
Its  spectral  characteristics  which  differ  from  those  of  a  homogeneous 
pixel.  Changes  in  condition  within  a  given  cover  class  also  cause 
variation  in  spectral  characteristics.  Theoretically,  the  spectral  in¬ 
formation  about  cover  components  and  different  conditions  can  be 
utilized.  However,  the  current  classification  techniques  are  unable  to 
do  so 


defined  by  some  decision  rules  Pixels  inside  a  region  are  classified 
into  the  corresponding  information  class.  Final  output  is  represented 
in  a  one-pizel-one-class  image. 

A  serious  drawback  of  the  conventional  classification  is  that  the 
information  about  cover  mixture  and  intermediate  conditions  is  lost 
in  determining  pixel  memberships  [5j.  This  drawback  can  be  largely 
overcome  by  using  the  fuzzy  partition  of  spectral  space  in  which  par¬ 
tial  and  multiple  memberships  are  allowed. 

Formally,  a  fuzzy  partition  of  spectral  space  is  a  family  of  fuzzy 
sets  Fi,  F2, Fm  on  universe  X  such  that 

Vx  €  -Y, 

0</f.(3c)<1  and  5^/f,(x)=l  (1) 

t=i 

where  Fi.Fi,  ,F„  represent  the  spectral  classes,  m  is  number  of 
predefined  classes,  x  is  a  pixel  measurement  vector,  and  fp,  is  mem¬ 
bership  function  of  fuzzy  set  F,  (1  <  i  <  m).  /f,(x)  indicates  the 
extent  to  which  x  belongs  to  F,. 

The  fuzzy  partition  can  be  recorded  in  a  fuzzy  partition  matriz. 


/fl(Xl) 

/Fi(x,) 

-  fF,(x„)  ' 

/Fi{Xi) 

-  /fi(x,) 

/f.Mxi) 

-  /r„(x„)  . 

where  n  is  number  of  pixels,  and  x,'s  are  pixels  (1  <  i  <  n).  In  the 
fuzzy  partition,  if  m  classes  are  defined,  each  pixel  is  attached  with 
m  membership  grades. 

Compared  with  the  conventional  spectral  space  partition,  the 
fuzzy  partition  can  better  represent  the  real  situation  and  allows 
more  spectral  information  to  be  utilized  in  subsequent  analysis. 

4.2  Fuzzy  Parameters  for  Image  Classification 
In  classifier  training,  statistical  methods  are  applied  to  training  date 
to  generate  parameters  for  classification  algorithm.  The  parameters 
play  a  critical  part  in  determining  pixels'  membership.  Low  classifi¬ 
cation  accuracy  is  largely  due  to  the  variations  between  statistically 
generated  parameters  and  the  "real”  ones. 

Among  the  factors  giving  rise  to  the  variations,  an  important, 
however  so  far  not  fully  realized  factor  lies  in  the  knowledge  rep¬ 
resentation  methods.  Currently,  training  information  is  represented 
on  a  basis  of  one-pizel-one-class.  Once  a  pixel  is  associated  with  a 
class,  it  makes  a  full  contribution  in  generating  statistical  parame¬ 
ters  of  the  class.  Class  mixture  and  intermediate  conditions  cannot 
be  taken  into  consideration.  The  parameters  estimated  in  this  way 
must  vary  from  the  “real”  ones  more  or  less.  A  classification  based 
on  those  parameters  may  thus  -ontains  mistakes. 

The  fuzzy  representation  makes  it  possible  to  calculate  param¬ 
eters  which  are  closer  to  the  “real”  ones.  The  basic  idea  for  the 
methods  employed  in  this  system  is  that  how  much  a  pixel  belongs 
to  a  class,  how  much  it  contributes  to  parameters  of  the  class.  The 
mean  and  covariance  matrix  obtained  in  this  way  arc  called  fuzzy 
mean  and  fuzzy  covariance  matrix  which  are  defined  as  follows. 


4.1  Fuzzy  partition  of  spectral  space 
In  remote  sensing,  pixel  measurement  vectors  are  often  considered 
as  points  in  a  spectral  space.  Pixels  with  siiiular  spectral  character¬ 
istics  form  groups  which  correspond  to  various  ground  cover  classes 

fKaf  tK/v  ^lAfinoc  nivol  arp  €n^rtml 
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classes  while  the  cover  classes  are  information  classes.  Currently, 
image  classification  algorithms  decide  membership  of  each  pixel  in 
one  of  predefined  classes 

To  classify  pixels  into  groups,  the  spectral  space  must  be  parti¬ 
tioned  into  regions  each  of  which  corresponds  to  an  information  class. 
Traditionally,  the  information  classes  are  implicitly  represented  as 
classical  sets  Thus  partition  of  the  spectral  space  is  based  on  the 
principles  of  classical  set  theory  Sharp  decision  surfaces  are  precisely 


E"=l/c(x.)x. 

i:r=. /=(*.) 


(3) 


s-  -  i:r=i/c(xi)(x.-p;)(x.-p-)r 

Er=./c(xi)  • 

where  n  is  total  number  of  sample  pixel,  fc  is  membership  function 
of  class  c,  and  x,  is  a  sample  pixel  measurement  vector  (1  <  t  <  n). 

5  Approximate  Reasoning 

The  reasomng  techniques  employed  in  the  existing  expert  systems  are 
mainly  based  on  modus  ponens  which  is  one  of  the  most  commonly 
used  inferencing  rules  in  Boolean  logic  The  classical  modus  ponens 
can  be  represented  as 
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If  X  is  V  th-n  Y  is  G 


Y  is  G. 

The  classical  modus  ponens  is  well  suited  for  the  situations  that 
"X  is  a  proposition  about  facts,  is  either  true  or  false.  How¬ 
ever,  when  dealing  with  the  imprecise  geographical  information  in 
practical  situations,  a  proposition  may  have  an  intermediate  truth 
value.  In  the  case  that  X  is  I"  which  is  similar  to  but  not  exactly 
identical  to  V,  one  cannot  reach  a  metiningful  conclusion  by  applying 
Equation  5.  For  example,  when  condition  of  a  rule  is  “land  cover  is 
soil”,  but  the  observed  fact  is  “70  percent  of  the  land  cover  is  soil 
and  the  rest  is  vegetation”,  an  expert  system  solely  depending  on  the 
classical  modus  ponens  cannot  make  a  right  reasoning.  Therefore, 
an  approximate  reasoning  method  is  needed. 

The  approximate  reasoning  technique  developed  in  this  work  is 
an  extention  of  modus  ponens  which  can  be  stated  as 


If  X  is  V  then  Y  is  G 

CLi 

X  is  V’ 

CL2 

YisG 

CLi 

where  CL<  denotes  certainty  level  of  the  rule,  i.e.,  the  reliability  of 
the  knowledge  that  ‘If  Jf  is  V  then  Y  is  G”,  G£j  denotes  certainty 
level  of  the  fact,  i.e.,  the  rehability  that  “X  is  V"’  is  true,  and  CI3  is 
certainty  level  of  the  conclusion  “Y  is  G”.  CL3  can  be  calculated  by 
applying  fuzzy  number  multiplication  to  CL\,  CLt  and  the  similarity 

5  between  V  and  V  which  are  elements  of  a  fuzzy  set  F; 

Ci3  =  Cii.G£s.S.  (7) 

Fuzzy  number  multiphcation  •  can  be  expressed  as; 

=  ““(/>*(*)  ^  fB(y))  (8) 

where  A  and  B  are  fuzzy  numbers  and  A  denotes  taking  the  mini¬ 
mum. 

The  similarity  S  between  V  and  V  is  evsiluated  as 

5  =  l-l(/f(n-/F(n)l  (9) 

where  fp  is  membership  function  of  fuzzy  set  F  and  |  |  denotes  taking 
absolute  value. 

When  condition  part  of  a  rule  is  conjunctive  subconditions,  and 
the  similarities  between  the  subconditions  and  facts  are  S\,Sj, ...,  5„, 
the  total  similarity  5  can  be  calculated  as; 

S  =  Si  *S}  *  ...»  S„.  (10) 

6  Algorithm  of  the  Expert  System 

Image  differencing  and  post-classification  comparison  form  the  ba¬ 
sis  of  the  system  algorithm.  The  former  is  sensitive  to  the  areas 
of  change  and  the  latter  can  provide  information  for  determining 
change  types.  Combining  the  advantages  of  vhem,  the  system  is  able 
to  identify  both  areas  of  change  and  their  change  types.  A  geograph¬ 
ical  information  system  (GIS)  is  incorporated  to  provide  ancillary 
information  and  the  expert  system  works  on  the  regions  that  the 
GIS  has  covered.  In  each  task,  the  system  deals  with  one  new  image. 
Cnaiigedetection  is  performed  on  the  new  image  referencing  previ¬ 
ously  determined  land  cover  and  ot'-er  information.  The  system  data 
flow  is  illustrated  in  Figure  i. 

Entire  process  of  the  automated  change  detection  consists  of  five 
major  steps;  (1)  image  differencing,  (2)  change  mask  production,  (3) 
automated  fuzzy  supervised  classification,  (4)  attribute  extraction, 
and  (5)  change  identification: 


Figure  1:  system  tow. 

Image  Differencing 

In  the  first  step,  image  differencing  is  performed  on  the  newly  input 
image  (image  of  date  2)  and  an  “old”  image  from  which  the  previous 
land  cover  is  determined  (image  of  date  1).  Image  differencing  in¬ 
volves  the  subtraction  of  one  digital  image  from  the  other  after  they 
are  precisely  registered.  After  differencing,  the  areas  of  change  can 
be  seperated  in  digital  values.  This  operation  is  expressed  mathe¬ 
matically  as: 

X(3).,»  =  X(2),ji-X(l).,*  +  C  (11) 

where  X(l),  X(2)  and  X(3)  arc  pixel  values  at  image  of  date  1,  date 
2  and  the  differenced  image  respectively,  i,  j,  and  k  are  line,  pixel 
and  spectral  band  number,  and  C  is  a  constant. 

Change  mask  production 

For  selecting  training  areas  uid  determining  potential  areas  of  land 
change,  a  change  mask  is  produced  from  the  differenced  image  by  us¬ 
ing  a  K-L  (Karnen-Loeve)  expan:  ion  followed  by  a  X -means  clauster- 
ing.  The  K-L  expansion  is  an  effective  method  for  feature  extraction 
in  statistical  pattern  recognition.  It  finds  an  orthogonal  set  of  basis 
vectors  for  the  feature  space  tmd  transforms  measurement  vectors 
into  the  new  space.  The  K-means  clustering  algorithm  classifies  a 
digital  image  into  K  '-ategories  by  minimizing  the  sum  of  squared 
errors  within  the  K  categories. 

In  the  transformed  differenced  MSS  image,  the  second  component 
emphasizes  brightness  changes  between  the  two  original  images.  In 
this  component,  the  land  changes  of  interest,  e.g.  from  vegetation 
to  housing  construction,  or  from  housing  construction  to  urban,  are 
highlighted  by  strongly  contrasted  very  bright  or  very  dark  tones, 
while  the  areas  of  no  change  are  in  intermediate  tones  (4).  After  nor¬ 
malizing  the  pixel  values,  a  if-means  clustering  is  performed  on  the 
component.  The  very  bright  and  dark  area*  are  classified  as  poten¬ 
tial  areas  of  change  and  others  as  areas  of  no  change.  By  assigning 
"1”  to  pixels  in  the  potential  areas  of  change  and  “0”  to  others,  a 
change  mask  is  produced. 

Automated  fuzzy  supervised  classification 
An  automated  fuzzy  supervised  classification  is  performed  on  the 
newly  input  image.  The  change  mask  is  used  to  select  training  areas. 
The  previously  determined  land  cover  data  from  the  GIS  is  used  to 
train  the  classifier.  All  the  areas  of  no  change  are  selected  as  training 

areas 

A  fuzzy  set  is  characterized  by  its  membership  function.  To  per¬ 
form  a  fuzzy  partition  on  a  spectral  space,  a  membership  function 
must  be  defined  for  each  cover  class.  In  this  work,  the  membership 
functions  ate  defined  based  on  maximum  likelihood  classification  al¬ 
gorithm  with  fuzzy  mean  /i*  and  fuzzy  covariance  matrix  E'  replac¬ 
ing  the  conventional  mean  and  covariance  matrix.  The  following  is 
definition  of  the  membership  function  for  cover  class  c. 
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where 


fcM 


p:w 

E.".  ^.-(x) 


eters  to  the  procedures,  and  activates  them.  The  inserter  adds  the 
(^2)  conclusion  tuple  into  the  context  when  a  rule  has  been  fired. 

7  Results  and  Conclusion 


P.-(x) 


(13) 


N  is  dimension  of  the  pixel  vectors,  m  is  number  of  predefined  classes, 
and  I  <  t  <  m. 

Provided  that  the  ground  truth  information  from  the  GIS  is  suf¬ 
ficiently  reliable,  this  algorithm  can  achit.e  highly  accurate  outputs 
as  the  biggest  possible  training  areas  are  used  and  the  fuzzy  methods 
may  generate  more  accurate  parameters  The  membershiop  grades 
can  provides  very  useful  information  about  cover  components  and 
intermediate  conditions  for  the  subsequent  analysis 


Attribute  extraction 


In  this  step,  information  required  for  change  identification  is  col¬ 
lected  for  pixels  in  the  potential  areas  of  change.  The  information 
includes  land  cover  at  both  dates,  topographic  features,  allowable 
uses,  and  some  historical  and  contextual  information.  The  collected 
information  is  represented  as  attributes  of  the  areas. 

Change  identification 

In  the  last  step,  the  areas  of  change  and  their  change  types  are  iden¬ 
tified  based  on  the  analysis  of  spectral,  spatial,  historical  and  con¬ 
textual  attributes  Human  knowledge  about  change  identification 
is  formulated  into  rules  The  change  identification  is  a  reasoning 
process  by  applying  the  rules  to  the  collected  attributes 

The  overall  knowledge  representation  scheme  employed  in  this 
system  is  a  production  system  which  consists  of  three  major  com¬ 
ponents’  context,  nde  base,  and  interpreter.  The  factual  knowledge 
in  the  context  and  the  performance  knowledge  in  the  rule  base  are 
organized  as  relations. 

Context  of  a  production  system  is  a  working  space  for  recording 
the  initial,  intermediate,  and  final  states  of  a  task,  and  performing 
reasoning.  Context  of  this  system  also  serves  as  a  buffer  for  commu¬ 
nication  with  the  GIS. 

The  knowledge  required  for  identifying  land  cover  change  are  for¬ 
mulated  into  production  rules  which  are  of  the  form,  condition 
conclusion.  The  condition  part  is  a  conjunction  of  predicate  formu¬ 
las.  The  conclusion  part  includes  new  facts  for  updating  the  context. 
Presently,  there  are  about  170  rules  in  the  rule  base. 

The  interpreter  applies  the  rules  to  the  context  to  make  reason¬ 
ing.  For  each  region  selected  from  the  change  mask,  the  interpreter 
matches  condition  of  the  rules  against  the  factual  knowledge  in  the 
context  to  determine  the  change  type  of  the  region.  Conditions  of 
the  rules  are  represented  as  conjunctive  relation  tuples  and  the  tuples 
are  encoded  as  procedures  of  relational  operators.  The  procedures 
retrieve  the  context  for  the  specified  tuples.  To  trigger  a  rule  is  to 
simply  activate  the  procedures  of  it.  Failure  of  a  procedure  imphes 
that  one  of  the  conditions  cannot  be  satisfied  by  the  facts  of  a  given 
region  and  thus  the  rule  cannot  be  fired.  If  all  the  procedures  suc¬ 
ceed,  the  tuple  in  the  conclusion  part  is  added  into  the  context. 

Approximate  reasoning  is  conducted  for  identifying  changes  Each 
change  type  is  defined  as  a  fuzzy  set  and  the  regions  as  set  elements. 
A  membership  grade  of  a  region  in  a  change  type  set  indicates  the 
extent  to  wiiicii  change  of  that  type  takes  place  in  the  region.  A 
region  may  have  more  than  one  membership  grades  if  more  than  one 
change  types  are  involved  The  membership  grades  are  deterimned 
by  using  Equation  7  through  10.  The  final  result  of  the  change  de¬ 
tection  is  a  fuzzy  change  map  in  which  each  region  is  attached  with 
one  or  more  membership  grades. 

The  procedural  representation  of  rule  conditions  largely  simpli¬ 
fies  the  interpreter  m  structure.  It  consists  of  only  two  components. 
activator  and  inserter.  For  each  region,  the  activator  passes  param- 


Very  encouraging  results  have  been  achieved  in  applying  the  auto¬ 
mated  change  detection  algorithm  to  the  study  area  -  Hamilton, 
Ontario,  Canada.  The  fuzzy  techniques  have  improved  the  analysis 
accuracy  considerably  and  more  information  about  land  cover  and 
land  change  has  been  obtained. 

Fuzzy  classification  is  performed  to  classify  images  into  seven 
cover  classes,  water,  industrial  or  commercial,  residential,  forest, 
farm  land,  bare  soil,  and  pasture  or  other  vegetation.  Seven  member¬ 
ship  grades  ate  assigned  to  each  pixel  Tests  with  aerial  photographs 
have  verified  that  a  membership  grade  of  a  pixel  is  proportional  to 
the  area  of  the  corresponding  cover  class  in  the  ground  cell.  The  in¬ 
formation  about  pixel  component  cover  classes  conforms  very  well  to 
the  real  situations.  Overall  classification  accuracy  levels  of  about  91 
percent  have  been  measured.  Compared  with  those  from  the  conven¬ 
tional  classification  on  the  same  images,  an  improvement  of  about  6 
percent  has  been  achieved  [5]. 

By  using  the  approximate  reasoning  method,  the  system  can  draw 
more  meaningful  land  change  information  from  imprecise,  incomplete 
or  uiueliable  information,  and  provide  more  information  about  the 
nature  of  change.  Four  membership  grades  are  associated  with  each 
region  for  the  four  types  of  land  change.  Besides  indicating  the  cer¬ 
tainty  levels  of  change  identification,  the  membership  grades  may 
give  a  better  description  of  land  change.  For  example,  maturity 
of  a  new  residential  area  can  be  determined  by  analyzing  combi¬ 
nation  of  the  membership  grades.  Change  detection  accuracy  has 
been  assessed  on  the  1974, 1978,  1981  and  1984  images  of  the  study 
area.  The  accuracy  levels  for  detecting  the  areas  of  change  are  about 
95  percent,  and  the  accuracy  levels  for  identifying  change  types  are 
about  86  percent. 
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ABSTRACT 

Expert  Systems  are  among  the  most  exci¬ 
ting  new  developments  in  software 
technology.  Emerging  as  a  practical 
application  of  research  in  ARTIFICIAL  INTE¬ 
LLIGENCE,  these  programs  embody  knowledge 
of  a  particular  application  area  combined 
with  an  inference  capability,  which  enables 
the  programs  to  reach  (or  even  exceed)  the 
performance  of  human  experts.  The  present 
paper  deals  with  various  aspects  of  design 
and  development  of  one  such  a  system,  namely 
ESSII.  The  goal  of  the  present  task  is  to 
automate  the  interpretation  process  regard¬ 
ing  geomorphic  features  of  a  satellite 
imagery.  As  a  part  of  future  plan,  which 
is  aimed  at  achieving  complete  automation 
of  the  interpretation  process,  the  present 
system  (ESSII)  is  developed  using  MPROLOG 
on  APOLLO  WORKSTATION.  ESSII  is  enriched 
with  various  features  such  as  dealing  with 
uncertainity ,  explanation  capability,  user 
interface  in  form  of  different  menu,  and 
an  on  line  help  with  graphical  display. 

key  words 

Remote  Sensing,  Geomorphology,  Expert 
System,  Image  Interpretation,  Image  Process¬ 
ing,  Edge  Segmentation,  quad  tree  structure. 

INTRODUCTION 

Image  interpretation  is  defined  as  the 
act  of  examining  images  for  the  purpose  of 
identifying  objects  and  judging  their  signi¬ 
ficance  (5).  The  basic  elements  that  are 
dealt  by  ESSII  for  the  interpretation 
process  are:  tone  or  color,  size,  shape. 


The  domain  around  which  the  knowledge 
base  is  developed  is  the  GEOMORPHOLOGY.  The 
major  landforms  that  are  taken  into  consi¬ 
deration  for  the  interpretation  are  :  Hills/ 
Mountains,  Piedmont  zones.  Valleys,  Plains. 
These  landforms  are  in  turn  classified  into 
various  other  landforms.  As  the  satellite 


data  is  obtained  in  large  volume  and  its 
interpretation  is  cumbersome  and  time 
consuming  ,  and  also  as  the  precious  re¬ 
source  of  human  expertise  is  fragile  and 
transient  one,  the  need  of  Expert  System 
is  realised.  Basically,  the  current  problem 
is  heuristic  in  nature.  It  can  not  be 
solved  mathematically  or  there  is  no  algo¬ 
rithmic  procedure  to  solve  the  same,  and 
hence  expert  system  approach  is  resorted 
to  solve  the  problem. 

In  view  of  the  above  facts,  it  is  evi¬ 
dent  that  an  Expert  System  can  handle  the 
problem  in  hand  more  efficiently. ESSII, is  one 
such  Expert  System  for  satellite  Image 
Interpretation . 

ENVIRONMENT  AND  DESIGN  OVER  VIEW 

The  aim  of  this  project  is  to  develop 
an  expert  system  for  satellite  image  inter¬ 
pretation  taking  the  geomorphological  as¬ 
pects  into  consideration.  The  knowledge 
base  is  encoded  in  MPROLOG.  The  control 
strategy  is  the  unification  with  backtrack¬ 
ing,  which  is  an  underlying  computational 
mechanism  in  MPROLOG.  The  system  interacts 
with  the  user  during  a  question  answering 
session.  The  system  can  be  represented  in 
a  block  d’'gram  as  below: 


which  contains  knowledge  about  the  domain. 
During  session  with  the  system,  this  module 
also  calls  DISPLAY  module.  This  diplay 
module  is  implemented  using  DOMAIN  FORTRAN. 
The  DISPLAY  module  access  bitmap  file 
containing  the  stored  patterns.  These 
bitmap  files  are  created  and  updated  by 
two  separate  modules  which  are  implemented 
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in  DOMAIN  C.  The  display,  create,  and  up¬ 
date  modules  call  GPR  (Graphics  Primitive 
Resource)  routines  to  achieve  their  tasks. 
The  GPR  routines  are  a  standard  piece  of 
Domain  Software. 

ESSII 

The  knowledge  about  the  Domain  (Image 
Interpretation)  is  mainly  acquired  from 
scientists  of  NRSA,  Hyderabad  who  are  the 
authorised  experts  in  the  same.  The  existing 
literature  (4,  5)  also  enabled  us  to  acquire 
more  knowledge  about  the  domain. 

After  following  different  methodologies, 
we  came  up  with  a  hybrid  methodology  and 
followed  the  same  for  the  Knowledge  Acquisi¬ 
tion  phase  of  development  of  ESSII. 

Such  a  methodology,  which  is  an 
efficient  and  effective  blend  of  observa¬ 
tional  method,  intuitive  method  and  Multiple 
Expert  approach,  is  found  to  be  more  practi¬ 
cal  than  the  individual  techniques. 


INCORPORATION  Of  ONCERTAINITY: 

The  conclusions  drawn  by  the  ESSII 
depends  on  two  factors;  1.  User  input  which 
reflects  the  confidence  on  his/her  response, 
and  2.  Factor  strength  that  each  factor  is 
given  in  terms  of  its  accounting  for  con¬ 
clusive  evidence.  The  way  in  which  ESSII 
deals  with  the  uncertainity  is  as  below: 

When  ESSII  poses  a  question,  the  user 
is  expected  to  input  a  number  in  the  range 
of  +1.0  (synonymous  to  "yes")  and  -1.0 
(which  means  "no"),  it  is  then  multiplied 
by  factor  strength  to  give  rule  confidence. 
Based  on  the  rule  confidence,  ESSII  presents 
its  interpretation  to  the  user. 

In  general  though,  there  may  be  many 
factors,  as  each  factor  may  confirm  or  deny 
a  conclusion  with  a  certain  confidence 


factor.  In  this  case  we  followed  a  standard 
combining  technique  to  get  a  single  result¬ 
ing  confidence,  that  can  be  termed  as 
•current  rule  confidence'.  Hence  when  all 
factors  are  exhausted,  the  current  rule 
confidence  will  be  the  'final  rule  confi¬ 
dence',  based  on  which  ESSII  could  come 
up  with  a  conclusion  and  convey  its  confi¬ 
dence  on  the  same.  The  combining  technique, 
which  comes  from  Emycin  system,  can  be 
stated  as  below: 

C  =  Cl  +  C2  -  (Cl  *  C2)  if  Cl,  C2  <0 

C  =  Cl  +  C2  +  (Cl  *  C2)  if  Cl,  C2  >=  0 

C  =  (Cl  +  C2)  /  1-min  (abs  (Cl),  abs  (C2)  ). 

Let  us  look  at  the  following  complex 
rule,  which  contains  more  than  one  factor. 

upln:- 

WriteC  Let  us  try  to  identify  uplands 
in  the  image"),  nl 

Write  ("Do  you  see  any  area  in  the 
TOPOSHEET  in  which  contour  lines  are 
closely  spaced?"),  nl, 

reply(CFl),  prod(CFl,  Be-1,  CF2) , 

write("In  the  FCC  imagery,  does  this 
area  have  he  following  properties: 

1.  Tone  is  light  to  dark  brown  or 
light  to  dark  to  grey. 

2.  A  Drainage  Pattern  is  visible"), 
nl, 

reply  (CF3,  be-1,  CF4) ,  l  ,  combn  (CF2, 
DF4,  CF5), 

write  ("Do  you  see  thin  drainage  lines 
which  are  joining  upto  form  thicker 
lines?") ,  nl, 

reply(CF6),  prod(CF6,  be-1,  CP7) ,  comb 
(CF5,  CF7,  CFB) ,  nl, 

answer  (CFB, 


Str2) 


Strl=" Upland 
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inter,  rasg(CFB,  Strl,  Str2,  Stringl, 
String2,  String). 

In  the  above  example,  first  user  input 
is  CFl ,  which  is  multiplied  by  0.8( factor 
strength)  to  give  CF2,  which  is  current 
rule  confidence  (CRC).  Then  CF3,  which  is 
a  respoonse  to  the  question  corresponding 
to  the  second  factor  in  the  rule,  multip- 
plied  by  the  factor  strength  (0.6)  to  give 
CF4.  Then  CF2  and  CF4  are  combined  using 
the  above  method  to  give  a  single 
confidence  factor  (CF5) ,  which  is  nothing 
but  a  CRC.  Likewise  the  confidence  factor 
will  be  propagated  until  a.l  the  factors 
are  exhausted  when  the  CRC  will  become 
Final  Rule  Confidence  (FRC).  Depending  on 
the  value  of  the  FRC,  ESSII  conveys  its 
interpretation  in  a  most  pleasing  way  to 
the  user. 

EXPLANATION  CAPABILITY: 

In  ordinary  life,  the  EXPLANATION  can 
be  a  sequence  of  reasoning  steps  used  to 
convince  a  person  that  is  so.  In  Expert 
System  Technology,  the  situation  is  also 
similar.  With  such  a  capability,  ESSII  can 
handle  'why'  explanations.  When  ESSII  asks 
a  question,  the  user  can  answer  with  why, 
meaning  "why  did  you  ask  me  that  question" 
or  "what  happens  next  on  the  screen".  To 
get  explanation  from  ESSII  ,  the  user  has 
to  choose  an  option  of  'EXPLANATION'  from 
the  menu  displayed  on  the  screen. 

USER  INTERFACE: 

ESSII  is  an  interactive  system  and 
engages  the  user  in  a  dialogue,  where,  the 
i<cc2r  Iw  ^ivcri  cptiicns 

stage  to  choose  from.  With  each  menu,  ESSII 
displays  messages  regarding  the  input  from 
the  user.  A  system  cannot  be  user-friendly, 
unless  it  continue  to  work  inspite  of  an 
error  in  input.  ESSII  accepts  any  input 
and  checks  for  its  correctness  and  asks 
the  user  for  a  syntactically  and  semanti¬ 
cally  correct  input,  with  the  use  of  approp¬ 


riate  user  friendly  messages. 

The  graphical  interface  involves  the 
display  of  Drainage  Patterns  in  which  the 
patterns  are  shown  in  a  separate  window, 
while  session  with  the  ESSII  is  going  on. 
When  the  user  finishes  his  job  of  viewing 
and  comparing  the  patterns,  he/she  can 
press  'q'  or  'Q'  to  close  the  display  and 
resume  further  consultation.  The  interface 
can  still  be  made  more  user  friendly  by 
incorporating  a  Natural  Language  Interface. 

SCOPE  OF  FUTURE  WORK 

Development  of  ESSII  is  a  part  of  the 
future  work,  which  is  aimed  at  achieving 
the  complete  automation  of  satellite  image 
interpretation.  This  can  be  realised  by 
integrating  the  techniques  from  Image  Proce¬ 
ssing,  Pattern  Recognition,  Artificial  Inte¬ 
lligence  and  conventional  Computer  Science. 
As  all  these  are  rapidly  growing  fields, 
we  can  find  a  large  scope  for  the  extension 
of  essil. 

Even  with  the  partially  automated 
interpretation,  a  lot  of  work  can  be  done 
on  ESSII.  One  major  extension  work  can  be 
a  development  of  Natural  Language  Inter¬ 
face.  PROLOG  (with  which  ESSII  is 
developed)  has  got  special  applicability 
to  NLP(2) . 

Like  Drainage  Patterns,  which  are 
currently  supported  by  ESSII,  colour  maps 
and  texture  maps  can  also  be  generated  to 
provide  the  user  with  more  information. 
These  are  also  major  fields  where  considera¬ 
ble  research  is  being  carried  on  currently. 

SSSXX  C2ni  b*' 

by  incorporating  advanced  features  such 
as  learning  component,  reasoning  about  time 
where  data  vary  over  time,  and  reasoning 
with  time  including  time  as  an  element  of 
the  reasoning  process  itself. 

As  ESSII  can  be  used  as  a  front  end 
module  to  many  other  systems:  Intelligent 
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systems  for  mineral  exploration/  ground 
water  studies#  land  use  studies  and  crop 
monitoring  etc.  can  utilise  the  image  inter¬ 
pretation  offered  by  it.  The  modular  imple¬ 
mentation  supported  by  MPROIOC,  specially 
oases  the  improvement  of  Knowledge  base 
of  ESSII.  We  feel  that  it  is  not  wise  to 
work  directly  with  raw  imagery.  The  imagery 
should  be  preprocessed  before  actual  inter¬ 
pretation.  Preprocessing  may  accomplished 
by  the  following  steps: 

It  is  always  advisable  to  work  with 
coarser  image.  For  this  we  have  to  divide 
the  image  into  several  parts.  We  do  the 
major  interpretation  at  this  stage  i.e. 
first  level  of  interpretation  of  the 
landform  features  into  Hills/Mountains# 
Piedmont  zones#  valleys#  and  plains  can 
be  done  at  this  juncture. 

The  second  step  involves  the  applica¬ 
tion  of  segmentation  techniques  like  edge 
detection  and  the  like#  by  taking  into 
consideration  f-.atures  like  texture#  tone# 
patterns  etc.  Corresponding  to  each  such 
feature  as  may  be  considered#  we  may 
generate  a  quad  tree#  thus  ensuring  those 
regions  with  uniform  feature  which  is  under 
consideration  are  at  the  leaf  mode  of  the 
quad  tree.  By  merging  the  interpretations 
associated  with  each  regions  of  the  quad 
trees#  we  may  generate  a  globally 
consistent  interpretation  of  the  entire 
satellite  imagery.  The  amount  of  refinement 
that  we  could  achieve  in  such  an  interpre¬ 
tation  process  entirely  depends  upon  the 
number  of  quad  trees  that  we  consider. 

CONCLUSIONS 

It  has  been  shown  that  the  Satellite 
Image  Interpretation  is  a  valid  application 
area  for  the  technology  of  Expert  System. 
The  Knowledge  Base  of  ESSII  is  encoded  in 
MPROLOG#  as  it  is  found  to  be  a  suitable 
tool  for  the  development  of  the  same. 
MPRLOG's  strength  is  not  derived  from  a 
lengthy  list  of  features#  but  its 
underlying  structure  based  on  LOGIC.  The 
graphics  interface  is  one  of  the  main 


features  of  ESSIII#  that  makes  the  system 
user  friendly.  It  was  achieved  by  the 
Graphics  Primitive  Resource  library  on  the 
APOLLO  Work  Station.  The  ESSII  is  made 
powerful  by  incorporating  the  various 
features  like  Inexact  Reasoning#  Explana¬ 
tion  capability#  and  an  user  interface. 
By  the  successful  incorporation  of  Learning 
Component  and  Temporal  reasoning#  ESSII 
can  be  made  intelligent  and  we  can  see  that 
it  is  a  kernel  of  a  more  substantial  re¬ 
asoning  environment  which  embeds  this  layer 
of  "intelligence"  into  the  user's  computa¬ 
tional  support  environment. 
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Abstract 

The  geocoding  of  synthetic  aperture  radar  (SAR)  image 
data  is  performed  by  a  trtmsformation  of  a  digital  SAR  im¬ 
age  to  a  georeferenced  system.  A  way  is  to  search  for  con¬ 
trol  points  in  the  image  and  a  corresponding  digital  elevation 
model  (LtEM).  In  the  presented  approach  we  avoid  this  time- 
consuming  search  for  control  points  by  applying  different  fea¬ 
ture  detectors  in  DEM  and  SAR  image  in  order  to  find  features 
with  the  same  characteristics. 

This  process  is  supported  by  the  knowledge  based  system 
SHERLOCK  which  manage  the  various  methods  applicable  to 
the  special  circumstances.  The  predominant  part  of  SHER¬ 
LOCK  is  the  knowledge  base  which  controls  the  data  driven 
processing  under  the  (interactive)  guidance  of  the  human  op¬ 
erator. 

Our  examinations  concentrate  on  mountainous  regions 
where  layover  is  dominating.  An  example  is  given  to  show  how 
SHERLOCK  detects  layover  in  both  the  SAR  image  and  the 
DEM  and  how  it  creates  a  consistent  correspondence  between 
the  two  sets  of  layover  regions. 

Keywords:  expert  system,  knowledge  base,  SAR,  layover, 
control  points,  geocoding 


1  Introduction 

In  contrast  to  images  Horn  optical  sensors,  SAR  images 
show  a  more  complicated  geometrical  mapping.  Most  opti¬ 
cal  sensors  produce  line  scanned  images  and  a  few  of  them 
are  images  with  central  perspective  which  is  equivalent  to  hu¬ 
man  vision.  SAR  images,  on  the  '"iher  hand,  show  a  range 
projection.  Therefore  there  exists  a  great  need  for  transform¬ 
ing  the  image  geometricEilly  into  a  map  projection.  For  this 
procedure  -  called  geocoding  -  different  methods  exist:  Domik, 
1985  used  image  simulation;  Raggam,  Strobl  and  TViebnig,  1986 
used  squint  angle  condition  and  bundle  adjustment;  Meier  and 
Nusch,  1986  used  doppler  information  and  target  point  veloc¬ 
ity;  Kwok,  Curlander  and  Pang,  1987  used  doppler  information 
smd  a  three  pass  reseunpling;  etc. 


Most  of  the  geocoding  procedures  are  based  on  the  iden¬ 
tification  of  control  points.  These  control  points  establish  the 
geometrical  relationship  between  SAR  and  DEM  system  that 
is  used  in  geocoding  process  to  resample  the  SAR  pixels  to 
the  location  of  the  DEM  nodes.  They  preprocess  the  DEM  eg. 
by  use  of  an  illumination  model  or  by  simulation  to  create  a 
synthetic  image  that  bears  optical  resemblance  with  the  SAR 
image.  The  coordinates  of  these  features  in  the  SAR  image  and 
the  corresponding  DEM  form  the  set  of  control  points  used  for 
geocoding. 

The  motivation  for  building  an  intelligent  system  that  helps 
with  the  search  for  control  points  or  performs  the  search  auto¬ 
matically  is  that  the  search  is  very  time  consuming.  The  person 
who  performs  the  manual  search  must  have  great  skill,  a  lot  of 
experience  and  e-i  overall  knowledge  about  SAR  images.  Even 
a  very  experienced  user  will  find  it  very  helpful!  to  have  an 
intelligent  system  as  an  ud. 

SAR  image  and  DEM  are  both  array  of  numbers.  The  num¬ 
bers  in  the  DEM  represent  the  elevation*  of  the  terrain  and  are 
obtained  by  putting  a  reference  grid  over  the  terrain  and  by 
using  the  heights  in  the  sample  grid  positions.  The  numbers  in 
the  SAR  image  stand  for  the  intensity  of  radar  backscattering. 
Radar  exhibits  specific  phenomena  which  distort  the  perdeved 
image  of  the  objects.  One  of  them  are  layover  regions  which 
are  very  bright  areas  in  radar  images  caused  by  a  many  to  one 
mapping  during  image  formation.  The  characteristic  effect 
radar  layover  is  an  increase  of  the  grey  values. 

Since  control  points  are  used  for  geocoding  the  presented 
task  of  SHERLOCK  is  reduced  to  the  search  for  control  points 
in  a  SAR  image  and  a  corresponding  DEM. 

In  order  to  relate  SAR  image  and  DEM  for  geocoding,  se¬ 
lected  points  in  both  images  axe  used  to  establish  a  geometrical 
relationship.  The  problem  lies  in  the  fact  that  points  can  only 
be  identified  in  images  by  means  of  features  like  characteristic 
points  on  a  layover  border.  Furthermore  such  features  in  the 
DEM  and  the  SAR  image  look  completely  different.  For  ex¬ 
ample  a  peak  is  a  local  maximum  in  the  DEM  but  not  in  the 
SAR  image.  To  solve  this  problem  the  intelligent  system  needs 
spedfic  knowledge  about  radar  imagery  and  DEM. 
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Figure  1:  Search  for  control  points  with  SHERLOCK 


2  SHERLOCK  -  the  Intelligent 
System 

SHERLOCK  is  written  in  Lisp  F4  on  a  Distal  VAX  11/750 
system  and  is  an  abbriviation  for  a  shell  combining  elevation 
models  and  radar  images  -  location  of  control  points  with  a 
knowledge  base.  SHERLOCK  is  based  on  frames  stnd  rules  (see 
Minsky,  1975).  The  knowledge  is  stored  in  frames.  FVames  are 
implemented  as  an  expansion  of  the  list  structure  of  Lisp.  They 
are  subdivided  into  slots,  which  can  in  term  be  subdivided  into 
facets.  Every  slot  or  facet  is  allotted  one  or  more  values.  They 
contmn  the  knowledge  of  SHERLOCK  as  facts  or  as  the  rules 
which  are  executed  to  retrieve  the  missing  information. 

The  search  for.  control  points  is  directed  by  an  intelligent 
system.  The  choice  for  the  next  step  of  SHERLOCK  depends 
on  the  static  knowledge,  the  user  input  and  the  results  of  pro¬ 
cesses  already  completed.  There  are  many  methods  to  search 
for  control  points.  They  differ  in  speed,  accuracy  and  fiulure 
probability.  Their  performance  often  depends  on  the  local  ter¬ 
rain  and  the  image  characteristics.  These  considerations  are 
used  to  assign  a  priority  to  every  method.  New  results  may 
change  the  priorities  of  some  processes.  Interpreter  facilities  of 
Lisp  make  it  easy  to  insert  a  new  method  for  searching  control 
points.  The  name  of  the  method  is  entered  in  a  global  frame 
where  all  search  methods  are  collected.  The  new  method  is  now 
included  in  SHERLOCK.  Under  the  influence  of  the  knowledge 
in  SHERLOCK  the  decision  is  made  whether  the  new  method 
ur  tuiy  of  the  other  methods  should  be  started  or  not. 

Control  processes  are  necessary  to  control  the  execution  of 
the  programs.  One  of  those  processes  decides  when  SHER¬ 
LOCK  has  to  stop.  This  and  other  decisions  are  taken  with  the 
aid  of  user  inputs.  The  quality  of  control  points  can  be  deter¬ 
mined  either  by  their  residuals  or  by  knowledge  based  methods 
(see  4.4). 


To  establish  a  geometrical  relationship  between  the  SAR 
image  and  the  DEM  it  is  necessary  to  have  an  even  or  nearly 
even  distribution  of  control  points  (depending  on  the  terrain). 
This  is  achieved  by  using  a  coarse  grid  ovr '  the  DEM  to  dedde 
how  many  control  points  should  be  found  in  any  element  of  this 
grid. 

3  Working  with  SHERLOCK 

The  knowledge  base  of  SHERLOCK  is  the  most  predom¬ 
inant  feature  of  the  architecture  because  the  knowledge  con¬ 
structs  the  basis  to  control  the  running  of  the  program  and  to 
select  the  appropriate  image  processes.  Fig.  1  gives  a  brief  im¬ 
pression  how  the  search  for  control  points  is  directed  by  SHER¬ 
LOCK. 

The  initial  inputs  are  the  SAR  image,  the  DEM,  the  imaging 
parameters  and  the  human  expert  knowledge.  All  these  infor¬ 
mations  aie  collected  in  the  knowledge  base  which  is  the  most 
predominant  put  of  the  architecture  because  the  knowledge 
constructs  the  basis  to  control  the  running  of  the  program  and 
to  select  the  appropriate  image  processes  and  their  parameters. 

Several  image  processes  described  later  in  an  example  can 
be  selected  to  modify  the  grey  value  image  of  the  DEM  and 
the  SAR  image  and  to  obtain  a  binary  image.  The  features  in 
the  binary  SAR  image  which  are  qualified  for  a  control  point 
algorithm  are  selected  in  accordance  to  the  binary  DEM.  The 
result  of  the  control  point  algorithm  are  points  representing  a 
geometrical  relation  between  the  SAR  image  and  the  DEM.  To 
complete  the  search  a  quality  examination  of  the  control  points 
is  made. 

4  Searching  for  Control  Point 

Dependent  upon  the  context  of  the  SAR  image  the  way 
is  chosen  to  determine  control  points.  The  examinations  for 
this  paper  are  focused  on  mountainous  regions  where  layover  is 
dominating  and  therefore  a  bright  area  evaluation  in  the  SAR 
image  is  made.  Below  an  algorithm  is  proposed  identifying 
control  points  based  on  layover  areas  (see  M.  PloSnig,  1988 
and  B.  Billington,  1988). 

4.1  Image  Analysis 

It  is  difficult  to  detect  geographical  features  like  peaks  in  a 
SAR  image.  Therefore  it  has  been  decided  to  concentrate  in 
the  DEM  on  a  feature  that  is  very  distinct  in  SAR  pictures  - 
the  layover. 

Layover  is  not  directly  a  feature  of  a  DEM.  Therefore  a 
method  has  been  used  to  find  layover  regions  in  the  DEM. 
This  method  was  suggested  by  Kropatsch  and  Strobl,  1988. 
It  takes  not  only  the  flight  path  into  account,  but  also  the 
nadir  distance,  the  imaging  time,  the  slant  range  and  the  height 
difference  of  the  sensor  and  the  object  point.  The  result  is 
presented  as  a  layover  map. 

Connectivity  analysis  of  the  binary  layover  map  finds  all 
connected  repons  which  can  be  compared  with  the  layover  re¬ 
pons  of  the  SAR  image  both  on  an  individual  basis  and  by 
considering  different  layover  agpegations.  The  many  image 
parts  that  are  extracted  in  this  way  can  be  treated  separately 
and  in  accordance  to  their  specific  properties. 


Figure  2:  Layover  areas  of  the  SAR  image 


Figure  3:  Layover  areas  of  the  DBM 


For  the  exanunation  of  a  SAR  image  a  histogram  can  be 
used  as  an  overview  of  the  grey  value  distribution  in  order  to 
select  parameters  for  subsequent  image  processes.  Based  on 
the  observed  standard  deviation  an  estimation  of  the  noise  can 
be  made.  This  eg.  is  a  result  of  an  image  process  which  will  be 
added  to  the  knowledge  base  of  SHERLOCK.  And  in  depen¬ 
dence  of  this  result  a  filter  can  be  chosen  to  smooth  the  SAR 
image  in  order  to  reduce  the  noise. 

An  edge-preserving  filter  was  used  to  extract  the  layover 
boundaries  looking  to  the  backslopes.  The  intensity  difference 
of  grey  values  is  quite  high  because  dark  areas  called  shadows 
often  adjoin  on  these  layover  boundaries.  To  determine  the 
boundary  of  layover  regions  closer  to  the  sensor  the  covered  area 
of  layover  regions  in  the  DBM  is  regarded.  In  consideration  of 
the  resolution  relation  between  the  SAR  image  and  the  DBM 
the  area  of  pixels  representing  layover  can  be  estimated  by  the 
percentage  of  active  layover  (regions  of  the  terrain  which  cause 
the  layover)  derived  from  the  layover  map  of  the  DBM. 

The  lower  limit  is  determined  in  such  a  way  that  the  result, 
the  binary  layover  image,  covers  the  calculated  percent  of  lay¬ 
over  regions.  The  binary  image  contsuns  all  the  pixels  greater 
than  the  lower  limit. 

Fig.  2  and  Fig.  3  show  the  result  of  layover  extraction  based 
on  a  SAR  image  and  the  corresponding  DBM. 

4.2  Context  Analysis 

Now  two  binary  layover  images  are  produced  -  one  based  on 
the  SAR  image  and  one  based  on  the  DEM.  The  features  of 
these  images  are  layover  regions.  On  the  basis  of  these  features 
there  are  several  ways  to  obtain  control  points.  Before  a  control 
point  will  be  selected  a  relation  between  the  layover  re^ons  of 
the  SAR  image  and  the  DBM  has  to  exist.  This  can  be  done 
eg.  by  matching  the  layover  regions  of  the  SAR  image  and  the 
DBM. 


4.3  Control  Point  Algorithm 

Strobl,  1988  shows  that  the  highest  position  accuracy  in  lay¬ 
over  re^ons  can  be  found  at  the  boundary  of  active  layover 
areas.  Control  points  of  layover  regions  should  therefore  not  be 
identified  within  the  layover  region  but  rather  on  their  border. 
Control  points  on  layover  borders  can  be  determined  by  the 
minima  of  curvature  of  the  bordercurve.  A  description  of  the 
shapes  of  layover  regions  can  be  made  by  their  minima  of  curva¬ 
ture.  The  similarity  of  a  shape  description  of  a  layover  border 
found  in  the  SAR  image  and  in  the  DBM  allows  to  identify  two 
corresponding  layover  regions. 

4.4  Quality  and  Error 

It  is  assumed  that  the  control  points  are  extracted  at  the  lay¬ 
over  borders  in  both  the  SAR  image  and  the  DBM.  The  error 
check  for  the  extracted  point  coordinates  in  the  DBM  is  done 
by  measure  the  distance  between  the  extracted  point  coordi¬ 
nates  and  the  active  layover  borders  in  imaging  direction  and 
by  measure  the  distance  oetween  the  extracted  point  coordi¬ 
nates  and  the  slope  extremum  in  flight  direction.  Both  error 
measurements  supposed  to  be  zero. 

The  a  posteriori  quality  control  of  the  extracted  control 
points  in  the  DEM  is  done  by  calculation  of  both  single  deriva¬ 
tions  of  the  slope  gradient  in  flight  direction  and  by  measure 
the  distance  for  the  possible  change  of  the  localization  on  the 
layover  border  in  imaging  direction  which  is  supposed  to  be 
minimum  (see  Strobl.  1980). 

Precise  conditions  for  the  error  and  the  quality  control  of 
the  point  coordinates  in  the  SAR  image  have  not  been  derived 
up  to  now. 
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Figure  4:  SHERLOCK  vs.  conventional  methode 


4.6  Coarse-to-fine  search  in  pyramids 

In  order  to  improve  the  search  pyramids  can  be  used.  With  the 
aid  of  a  pyramid  generated  &om  a  binary  layover  image,  the 
most  significant  minima  of  curvature  can  be  found  in  higher 
levels.  A  pyramid  can  be  described  as  a  stack  of  images  of  suc¬ 
cessively  lower  resolution  (Kropatsch  and  Psar,  1987).  They 
reduce  the  data  array  by  a  constant  factor  (two  or  four).  But 
the  accuracy  decreases  with  the  increasing  levels  of  the  pyra¬ 
mid.  Since  image  processing  speed  depends  essentially  on  the 
size  of  the  images,  major  features  can  be  detected  in  much  less 
time  than  on  the  ori(^nal  high  resolution  image. 

The  pyramid  permits  analysis  of  coarse,  but  essential  struc¬ 
tures  of  the  SAR  image  at  a  very  low  data  volume  and  guides 
the  search  for  the  precise  location  of  the  points  in  the  highest 
resolution  (coarse-to-fine  search).  A  top-down  algorithm  refines 
the  position  of  these  control  points  and  compensates  the  loss 
of  accuracy  in  the  pyramid. 

5  Results  and  Conclusion 

SHERLOCK  is  a  system  based  on  fiames  and  knowledge 
and  controls  the  running  of  the  program  by  its  knowledge  base 
where  all  informations  are  stored.  New  results  of  completed 
processes  expand  this  knowledge  base  and  improve  the  capabil¬ 
ity  to  select  image  processes  and  thdr  parameters.  That  means 
the  processing  steps  of  the  methods  used  by  SHERLOC  are 
not  predetermined  like  conventional  methods.  They  ai.  data 
driven. 

In  our  examinations  the  search  for  CP’s  was  focused  on 
layover  regions.  The  SAR  image  and  the  DEM  -  both  grey 
value  images  -  were  transformed  into  binary  layover  images. 
Conventional  methods  used  one  process  applied  over  (he  whole 
image  (see  Fig.  4).  We  extracted  parts  from  the  images  -  not 
only  &om  the  binary  images  but  also  from  the  grey  value  images 
-  in  order  to  apply  different  image  processes  to  these  image 
parts.  This  improves  the  efficiency  because  processes  are  not 
forced  to  be  applied  to  the  entire  image. 

To  obtain  better  results  with  the  aid  of  SHERLOCK  more 
knowledge  is  required  -  not  only  radarspecific  knowledge  but 
also  artifical  intelligence  techniques.  Improving  the  knowledge 
base  etnd  consequently  the  capability  to  make  desicions  would 
reduce  the  need  for  a  skilled  user  and  the  number  of  low  level 
user  interactions. 
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ABSTRACT 

Algorithms  to  correct  for  atmospheric  scattering  effects  in 
high  spatial  resolution  land  surface  images  require  the  ability  to 
perform  rapid  and  accurate  computations  of  the  top-of-atmo- 
sphcre  diffuse  radiance  field  for  arbitrarily  general  surface  reflec¬ 
tance  distnb’  ‘^ons  (which  may  be  both  heterogeneous  and  non- 
lambertian)  ano  atmospheric  models.  We  have  been  developing 
such  algoritlims,  using  3-dimensional  radiative  transfer  (3DRT) 
theory.  We  describe  the  methodology  used  to  perform  the  3DRT 
calculations,  demonstrate  how  these  calculations  are  used  to 
perform  atmospheric  corrections,  and  illustrate  the  sensitivity  of 
the  retrieved  surface  reflectances  to  atmospheric  structural  pa¬ 
rameters. 

Keywords:  Atmospheric  Corrections,  Radiative  Transfer 
1.  INTRODUCTION 

A  determination  of  true  surface  reflectance  using  high  res¬ 
olution  (tens  to  hundreds  of  meters/pixel),  radiometrically  cali¬ 
brated  satellite  land  images  must  correct  for  the  atmospheric  ef¬ 
fects  of  (1)  extinction  due  to  molecular  and  aerosol  scattering 
and  absorption,  (2)  path  radiance  inu-oduced  by  scattering  from 
the  atmosphere,  and  (3)  horizontal  diffusion  of  radiation  leaving 
the  surface  (the  adjacency  effect).  The  latter  effect  is  particular¬ 
ly  important  for  scenes  containing  reflectance  contrasts,  e.g., 
near  coastal  boundaries  or  inland  bodies  of  water.  Part  of  the 
process  of  retrieving  surface  reflectance  includes  computing  top- 
of-atmosphere  (TOA)  diffuse  radiance  for  an  arbitrary  atmo¬ 
spheric  model  overlaying  an  arbitrary  surface  reflectance  distri¬ 
bution.  If  the  model  atmosphere  is  defined  to  be  horizonally  ho¬ 
mogeneous,  tlie  atmospheric  extinction  and  the  path  radiance 
can  be  computed  using  a  standard  1 -dimensional  radiative 
transfer  (IDRT)  algorithm.  The  determination  of  the  radiance 
arising  from  photons  diffusely  transmitted  from  the  surface  to 
space,  however,  must  oe  computed  using  a  3-dimensional  radia¬ 
tive  transfer  (3DRT)  algorithm  and  is  generally  the  most  time 
consuming  element  of  the  atmospheric  correction  scheme. 

In  this  paper  we  describe  our  progress  in  generating  fast 
algorithms  for  computing  the  diffuse  radiance  and  also  in  retriev¬ 
ing  surface  reflectance.  Fast  algorithms  are  a  necessity  if  image 
correction  for  3-D  atmospheric  effects  is  to  be  performed  on  a 
routine  basis.  This  will  be  especially  true  in  the  Earth  Observ¬ 
ing  System  (Eos)  era  of  remote  sensing  when  vast  quantities  of 
image  data  will  be  obtained  daily  and  must  be  analyzed  in  a 
timely  fashion.  Our  current  3DRT  algorithms  are  now  compara¬ 
ble  in  .«peed  to  standard  1-D  diffuse  radiance  algorithms,  with 


negligible  loss  of  accuracy  compared  to  our  earlier  versions.  Our 
ultimate  goal  is  a  rapid  algorithm  that  can  be  applied  routinely  to 
data  acquired  by  the  High-  and  Moderate-Resolution  Imaging 
Spectrometers  (HIRIS  and  MODIS)  on  Eos-A,  and  the  Multi¬ 
angle  Imaging  SpectroRadiometer  (MISR),  an  instrument  inves¬ 
tigation  also  selected  for  Eos-A  (Diner  et  at.,  1989). 

We  also  demonstrate  the  sensitivity  of  retrieved  reflec¬ 
tances  to  uncertainties  in  knowledge  of  atmospheric  parameters 
and  compare  retrieved  surface  reflectances  using  both  1-  and  3- 
D  techniques.  These  results  illustrate  the  relative  importance  of 
3DRT  effects  and  also  the  ease  with  which  the  3-D  refrieval 
procedure  can  be  applied  in  atmospheric  correction  of  images. 

2.  OPTICAL  TRANSFER  FUNCTION 

The  3-D  diffuse  radiance  field  can  be  represented  as  the 
convolution  of  an  atmospheric  point-spread,  or  blurring,  function 
with  the  surface  illumination  distribution.  We  can  then  write  the 
expression  for  the  TOA  radiance  as  (Diner  and  Martonchik, 
1985): _ 

yp.Fo.'Hto)  +  exp(-x/p)  X 

X  11'  dp'  dtj)'  -»- 

0  0 

+  R(x,y;p,Po,iH>o) _ 

where  /  is  the  TOA  radiance  as  a  function  of  surface  spatial  co¬ 
ordinates  X  and  y,  cosines  of  the  view  and  illumination  angles  p 
and  Pj,  and  the  relative  solar  azimuth  angle  (jt-tjtg.  The  first 
term  on  the  right-hand-side  of  Eq.  1,  the  atmospheric  path  radi¬ 
ance  /q,  is  the  radiance  reflected  by  the  atmosphere  without  any 
surface  interaction;  the  second  term  is  the  direct  radiance  field, 
the  field  which  is  not  scattered  or  absorbed  by  the  atmosphere 
upon  leaving  the  surface;  and  the  third  term,  R,  is  the  diffuse  ra¬ 
diance  field.  The  atmosphere-related  niiantities  in  Eq.  1  are 
functions  of  the  opacity  t,  single-scattering  albedo  w,  vertical 
distribution  of  the  scatterers,  and  the  scattering  phase  function. 

The  diffuse  radiance  field  can  be  expressed  as 
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where  S  is  the  reflected  surface  illumination  distribudon,  T  is  the 
atmospheric  point-spread  function  (or  upward  diffuse  transmit¬ 
tance),  and  the  symbol  0  denotes  a  convoludon  over  x  and  y. 
The  reflected  surface  illumination  distribution,  in  turn,  is  defined 
as 

*'0 

where  D  is  the  total  downward  directed  radiance  at  the  surface 
and  p  is  the  spatially-varying  surface  direcdonal  reflectance  dis¬ 
tribution.  Multiple  reflections  between  the  atmosphere  and  sur¬ 
face  give  rise  to  .'•ome  dependence  of  D  on  the  average  value  of 
P- 

The  characterisdc  width  of  the  point-spread  funcdon 
(PSF)  is  on  the  order  of  the  effective  scale  height  of  the  scatter- 
ers  in  the  atmosphere  (Diner  and  Martonchik,  1985).  The  atmo¬ 
sphere  therefore  behaves  as  a  low-pass  spatial  frequency  filter 
and,  as  such,  the  computadon  of  the  diffuse  radiance  field  may 
be  performed  more  efficiently  in  the  spadal  Fourier  transform  do¬ 
main.  The  Fourier  analog  of  the  atmospheric  PSF  is  the  opdcal 
transfer  funcdon  (OTF),  which  is  generally  complex,  except  for 
nadir  viewing,  whence  the  OTF  is  real  and  equivalent  to  its 
modulus,  known  as  the  moduladon  transfer  function  (MTF).  In 
this  special  case  both  the  PSF  and  OTF  ate  circularly  symmet¬ 
ric. 

If  the  atmosphere  is  horizontally  homogeneous,  both  the 
path  radiance  and  the  direct  radiance  field  can  be  computed  us¬ 
ing  a  standard  IDRT  algorithm  since  the  downward  directed  ra¬ 
diance,  D,  has,  to  a  good  approximadon,  no  horizontal  variabili¬ 
ty.  The  diffuse  radiance  field,  as  noted  above,  is  best  calculated 
in  the  Fourier  domain.  Therefore,  taking  the  Fourier  transform  of 
Eq.  2,  we  find _ 

^(«,v;p,Po,<H>o)  = 

„-i  r‘r^’'f(„,v;n,n',,H>')  5(«,v;p',p,,<ti'-<l»o)  dp'  d(>'  {4) 

0  0 


where  the  overbars  indicate  the  Fourier  transform,  u  and  v  are 
the  spatial  frequencies  corresponding  to  x  and  y,  and  the  convo¬ 
lution  operadon  has  transformed  injp  multiplication.  Note  that 
the  OTF  at  zero  spatial  frequency,  T(0,0;n,p',(tt-$').  is  just  the 
1-D  upward  diffuse  transmittance  and  is  calculated  using  the 
same  IDRT  code  used  to  calculate  path  radiance.  As  such,  all 
orders  of  scattering  are  automadcally  computed.  For  spatial  fre¬ 
quencies  not  equal  to  zero,  however,  the  OTF  is  more  efficiently 
computed  using  the  method  of  successive  orders  of  scattering, 
where  we  find  that  truncadng  the  computadons  after  two  atmo¬ 
spheric  scattering  events  is  a  sufficiendy  accurate  representa- 
don  of  the  total  OTF. 

The  shape  of  the  OTF  is  sensidve  to  a  number  of  atmo¬ 
spheric  structural  parameters,  including  the  opacity  and  scale 
height  of  molecular  and  aerosol  scatterers,  and  the  asymmetry 


parameter  of  the  aerosol  phase  funcdon.  This  sensidvity  to  the 
atmosphere  plus  the  large  number  of  OTF  values  needed,  corre¬ 
sponding  to  the  difl'erent  spatial  wavenumbers,  makes  the  OTF 
computadon  algorithm  the  largest  consumer  of  time  in  the  dif¬ 
fuse  radiance  calculadon.  An  invesdgadon  of  ways  to  apprecia¬ 
bly  reduce  the  OTF  -'ompudng  time  without  significantly  affect¬ 
ing  accuracy  resulted  in  the  following  measures:  (1)  treating  the 
double  .scattering  events  as  isotropic  scattering,  (2)  creating 
look-up  tables  for  the  various  functions  particular  to  the  OTF 
calculation  piner  and  Martonchik,  1984a,  1984b),  and  (3)  inter¬ 
polating  the  OTF  in  spadal  frequency  using  empirical  functions 
fitted  to  values  calculated  at  only  a  few  wavenumbers.  These 
measures,  together,  resulted  in  two  orders  of  magnitude  in¬ 
crease  in  the  computational  efficiency  of  the  OTF.  The  OTF  for 
the  atmospheric  model  described  in  ^e  next  section  is  shown  in 
Fig.  1.  The  viewing  angle  is  nadir  so  that  the  function  is  circular¬ 
ly  symmetric  in  spatial  frequency,  and  the  incident  angles  have 
been  integrated  over  the  hemisphere  in  correspondence  with  a 
iambertian  surface  reflectance. 


Figun  I.  Optical  transfer  function  calculated 
at  the  discrete  spatial  frequencies  (dots)  and  using 
an  empirical  three-point  interpolating  function  (solid  line) 

3.  SURFACE  REFLECTANCE  RETRIEVAL 
The  simulated  scene  studied  in  this  paper  was  generated 
from  part  of  a  radiometrically  calibrated  Landsat  Thematic  Map¬ 
per  image  of  the  coastal  region  near  Los  Angeles.  The  radiance 
values  of  the  selected  portion  (256  x  256  pixels  at  30-m  resolu¬ 
tion)  of  the  TM  image  were  transformed  to  effective  Iambertian 
albedo  and  the  darkest  pixel  value  then  subtracted  from  the 
whole  scene,  resulting  in  a  simulated  no-atmosphere  surface 
scene  in  which  the  darkest  pixel  is  black.  An  arbitrary,  normal¬ 
ized  reflectance  distribution  can  be  introduced  at  this  point  to 
create  a  more  realistic  surface.  However,  in  order  to  see,  unam¬ 
biguously,  the  magnitude  of  the  adjacency  effect  in  the  following 
surface  reflectance  retrievals,  the  reflectance  distribution  for  the 
scene  studied  in  this  paper  was  taken  to  be  Iambertian  for  all 
pixels  in  the  image.  The  model  atmosphere  used  to  calculate 
simulated  TOA  radiances  was  horizon^ly  homogeneous  with 
two  scattering  components;  (1)  Rayleigh  scattering  molecules 
with  an  opacity,  of  0.1,  a  scale  height,  h,^,  of  8  km  and  a  sin¬ 
gle-scattering  albedo,  Wj^,  of  unity  and  (2)  a  Mie  scattering 
aerosol  with  an  opacity,  of  0.2,  a  scale  height,  of  1  km,  a 
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single-scattering  albedo,  of  unity  and  a  phase  function 
asymmetry  parameter,  g^^,  of  0.517.  The  wavelength  was  as¬ 
sumed  to  be  550  nm.  The  viewing  geometry  was  nadir  with  the 
sun  angle  38°  off  of  nadir. 


Because  the  surface  reflectance  distribution  is  lambertian. 
Eg.  4  can  be  written  as _ 


/?(«,v;p,Hg,(H»o)  2'(‘<,v;p,(t»)  27(Pg,(|)g) 

{5} 

where 

t(h,v:p,(|i)  =  f*f^’'r(u,v:n,p',(H>')  dpW 
•'o-'o 

{6} 

and 

Z)(Po,<t.o)  =  7t->  f‘f^O{p",Pg,(|)"-<!)o)P"dp"d<)" 

■'o  0 

{7} 

Taking  the  Fourier  transform  of  Eg.  1,  we  then  have 

/(tt,v:n,Po,(H'o)  = 

W.Po.<M'o)8„o8^g  +  exp(-x/p)  p(H,v)  £i(Ho,(t)o) 

+  r(u,v;p,(ti)  p(«,v)  £l(Po,(tio) 

{8} 

where  S,y  is  a  Kronecker  delta.  This  expression  can  immediately 
be  recast  as  an  algorithm  for  surface  reflectance  retrieval: 


Step  I.  Fourier  transform  the  image  to  be  corrected  from  the 
spatial  domain  to  the  frequency  (wavenumber)  domain. 


Step  n.  Compute  ^«,v), _ 

(/(u,v;p,p,,(H'^  -  /(,(H,Ho.<H'o)5«o5vol 

p(«,v)  - - =: -  {9} 

[exp(-e/p)  +  r(«,v:p,<t>)]  Z)(Po,(tio) 


where  th^path  radiance  /g,  the  direct  transmittance  expC-t/p), 
the  OTF  T,  and  the  downward  directed  radiance  D  are  calculat¬ 
ed  from  a  priori  knowledge  of  the  basic  atmospheric  structural 
parameters.  Since  27  has  a  slight  dependence  on  the  average 
albedo,  "^(0,0),  9  can  be  iterated  for  the  case  u,v  =  0  to  ob¬ 

tain  both  D  and  p(0,0). 


Step  nL  Fourier  transform  ^«,v)  back  to  p(r,y). 


Since  Eg.  9  includes  both  measurements  [the  Fourier 
transform  of  the  radiance  image  /Cf,y:p,Hg,(Hig)]  and  quanti¬ 
ties  calculated  from  supposedly  known  atmospheric  quantities, 
any  uncertainty  in  the  atmospheric  quantities  will  result  in  corre¬ 
sponding  uncertainty  in  the  retrieved  surface  reflectance  p(x,y). 
Using  the  simulated  Landsat-based  image  described  above,  we 
show  in  Figs.  2-5  retrieved  surface  reflectance  sensitivity  re¬ 
sults  to  each  of  four  basic  aerosol  parameters:  scale  height,  sin¬ 
gle-scattering  albedo,  phase  function  asymmetry  factor,  and  op¬ 
tical  depth. 
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Figure  2.  Surface  reflectance  retrieval  with  error  in 
aerosol  scale  height 


Figure  3,  Surface  reflectance  retrieval  with  error  in 
aerosol  single-scattering  albedo 


Figure  4,  Surface  reflectance  retrieval  with  error  in, 
aerosol  phase  function 
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Figure  5.  Surface  reflectance  retrieval  with  error  in 
aerosol  optical  depth 


These  results  show  that  significant  errors  in  surface  re¬ 
flectance  can  occur  if  the  atmospheric  conditions  are  not  deter¬ 
mined  well  enough.  However,  a  potentially  more  important 
source  of  error  is  ignoring  the  3DRT  effects  and  using  a  1-D  re¬ 
trieval  scheme.  From  Eqs.  1,  6,  and  7  we  can  write  the  1-D  re¬ 
trieval  algorithm  as 


p(x,y) - = - -  {10} 

[exp(-t/n)  +  T(0,0;n,(»] 


where  T(0,0;n,(l))  is  equivalent  to  the  1-D  upward  diffuse  trans¬ 
mittance. 


Figure  6  shov/s  the  retrieved  surface  reflectance  of  the 
simulated  scene  using  Eq.  10. 


l‘dimensional  retrieval  scheme 


Comparing  the  results  of  Rg.  6  with  those  of  Figs.  2-5 
shows  that  ignoring  the  adjacency  effect  by  using  a  1-D  retriev¬ 
al  can  result  in  significantly  more  error  in  the  retrieved  surface 
reflectance  than  imprecise  knowledge  of  the  structure  of  the  at¬ 
mosphere.  This  is  especially  true  in  for  those  regions  of  a  scene 
where  albedo  contrast  is  large. 


4,  CONCLUSIONS 

Retrieval  of  surface  reflectance,  taking  into  ;account  3-D 
radiative  transfer  effects,  r^uires  the  coniputation  of  the  optical 
transfer  function  (or,  alternatively,  the  point-spread  function)  of 
the  atmosphere,  ^nsiderable  progress  has  bMn  nuule?in.sim- 
plifying  the  OTF  computationtti  process,  allowing  a  fWoroniers 
of  magnitude  increase  in  speed  and  making  that  part  of  Ae  re¬ 
trieval  algorithm  timewise  comparable  to  the  necesst^  H-D 
computations.  We  expect  additional  improvements  in  sj^ed  in 
both  the  1-  and  3-D  aspects  of  the  algorithm  in  the  future.  Us¬ 
ing  Landsat-based,  simulated  satellite  imagery,  we  have  dem¬ 
onstrated  the  sensitivity  of  retrieved  surface  reflectance  to  basic 
atmospheric  structural  parameters  and  also  compared  results 
using  both  a  1-D  and  a  3-D  retrieval  approach,  For  roenes  with 
high  albedo  contrast  we  find  that  using  a  1-D  algorithm  and  hav¬ 
ing  perfect  knowledge  of  the  atmosphere  can  introduce  more  er¬ 
ror  into  the  surface  reflectance  retrieval  than  using  a  3-D  algo¬ 
rithm  and  knowing  the  atmosphere  to  a  far  less  perfect  but  more 
reasonable  degree. 
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ABSTRACT 

Atmospheric  correction  algorithms  are  discussed  In 
the  context  of  surface  reflectance  retrieval  given  data 
acquired  by  satellite  or  aircraft  sensors.  It  is  shown 
that  the  use  of  an  Inappropriate  method  In  such  a 
computation  can  give  rise  to  substantial  errors  In 
surface  reflectance  prediction.  The  use  of  a  monochro¬ 
matic  atmospheric  calculation  to  characterize  a  spectral 
band  result  can  also  generate  significant  errors  In 
retrieved  surface  reflectance  In  commonly  used  sensor 
bands . 

Keywords;  reflectance,  atmospheric  correction, spectral 
bands . 


computations  fTelllet  et  al..  1989). 

The  SS  code  takes  Into  account  Rayleigh  and  aerosol 
scattering,  as  well  as  gas  absorption  due  to  water 
vapour,  carbon  dioxide,  ozone,  and  oxygen.  Input 
parameters  can  be  chosen  from  preprogrammed  standard 
conditions  and  models  or  specified  by  the  user.  The 
main  outputs  of  the  program  are  the  various  components 
of  the  apparent  reflectance  (and  radiance)  at  satellite 
altitude,  the  different  components  of  the  Irradlance  at 
the  surface,  and  the  scattering  and  gaseous  transmlttan- 
ces.  For  a  surface  of  uniform  reflectance  and  In  the 
formulation  of  Tanrd  et  al.  (1986) , 

-  (1) 


1.  INTRODUCTION 

A  primary  use  of  atmospheric  radiative  transfer 
codes  In  remote  sensing  is  the  determination  of  surface 
reflectance  values  given  image  data  acquired  by 
satellite  or  aircraft  sensors.  Section  2  of  this  paper 
outlines  two  different  approaches  to  surface  reflectance 
predictions  and  the  problems  that  can  arise  If  an 
Inappropriate  method  Is  used.  In  Section  3,  the 
question  of  monochromatic  versus  bandpass  calculations 
Is  addressed  by  means  of  simulation  studies. 

2.  SURFACE  REFLECTANCE  RETRIEVAL 

Atmospheric  codes  are  typically  formulated  to 
calculate  the  apparent  radiance  or  reflectance  at  the 
sensor  using  the  surface  reflectance  as  an  input 
boundary  condition.  This  may  be  referred  to  as  a 
'forward'  run  of  the  code.  Algorithms  that  use  numeri¬ 
cal  methods  to  solve  the  equation  of  radiative  transfer 
can  be  changed  to  work  In  the  opposite  direction  by 
means  of  Iterative  or  mathematical  inversion  approaches . 
Analytical  expressions  can  usually  be  solved  algebrai¬ 
cally  for  the  unknown  surface  reflectance  and  thus  be 
rewritten  In  a  form  suitable  for  computation  directly 
In  the  'reverse'  mode.  An  example  of  the  latter  type 
of  code  Is  the  5S  code  from  France  (Tanrd  et  al. .  1966), 
which  makes  extensive  use  of  analytical  expressions  and 
preselected  atmospheric  models,  resulting  In  a  very 
short  execution  time.  The  expression  '5S'  stands  for 
simulation  of  the  satellite  signal  in  the  solar 
spectrum.  Despite  Its  approximate  nature,  the  5S  code 
has  proven  to  be  significantly  more  accurate  than  other 
algorithms  with  fast  or  even  moderate  execution  times 
(Rover  et  al..  1988).  Consequently,  it  is  of  interest 
to  modify  the  5S  code,  which  is  approximate  but  still 
reasonably  accurate,  for  surface  reflectance  retrieval 


l-p(A)s(A) 


p*-  apparent  spectral  reflectance  at  the  sensor,  or 
spectral  planetary  albedo, 
r.  -  gaseous  transmittance, 
t(«,)  -  exp(-6/p,)+r„(8,) 

-  downward  scattering  transmittance, 
r(«,)  -  exp(-6//i,)+rj(»,) 

-  upward  scattering  transmittance, 

-  diffuse  transmittance, 

9,  -  solar  zenith  angle, 

8,  sensor  zenith  angle, 

II,  -  cos  9„ 
li,  -  cos  8„ 

-  solar  azimuth  angle, 

1^,  -  sensor  azimuth  angle, 

S  -  optical  thickness, 

s  -  spherical  albedo  of  the  atmosphere, 
p,  -  atmospheric  reflectance, 
p  -  surface  reflectance, 

X  -  wavelength. 

For  a  given  spectral  band  and  surface  reflectance,  p(X) , 
the  5S  atmospheric  code  run  In  the  forward  direction 
computes  p*(.X)  at  O.OQVt^o^usieter  Intervals  across  the 
band,  and  then  integrates  these  values  to  give  the  band- 
integrated  apparent  reflectance  at  the  sensor,  p*, 
according  to  the  equation 

/p*(A)B(A)E  (A)dA  (2) 

P* -  , 

/B(AE-(A)dA 

where  B(A)  is  the  relative  spectral  response  profile  of 
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the  sensor  bandpass  and  E,(A)  Is  the  exo-atmospherlc 
solar  irradiance.  Band- Integrated  values  are  also 
calculated  In  the  same  manner  for  the  other  quantities 
in  equation  (1)  and  provided  as  outputs  of  the  SS  code 
run. 

If  the  surface  reflectance  is  to  be  determined,  the 
code  has  to  be  run  in  the  reverse  direction.  Solving 
equation  (1)  for  p(X)  yields  the  non-linear  expression 


P(A)  - 

y(A) 

(3) 

(1  +  y(A)s(A))  • 

where  y(A)  - 

P*W  p^(A) 

(4) 

rg(A)r^(A)  ' 

ft 

1 

•  r(e^,X)  , 

(S) 

and  angular  dependencies  have  generally  been  omitted  for 
convenience.  Because  it  is  assumed  to  originate  from 
a  given  satellite  sensor  band,  the  apparent  reflectance, 

,  is  a  constant  equal  to  p*,  which  is  an  input  to 
the  reverse  SS  run. 

The  non-linearity  in  p<A)  in  equation  (1)  and  the 
consequent  non-linearity  in  the  reverse  equation  (3)  are 
due  to  the  multiple  scatterings  of  radiation  between  the 
surface  and  the  atmosphere,  l.e.,  the  factor  of  [1- 
p(A)s(A)]  in  the  denominator  of  equation  (1).  Many 
atmospheric  codes  do  not  take  this  effect  into  account. 
A  test  case  was  run  using  SS  in  order  to  illustrate  the 
magnitude  of  this  effect  if  it  is  Ignored  when  predict¬ 
ing  surface  reflectances.  The  example  was  for  a 
vegetated  surface  and  atmospheric  conditions  consisting 
of  a  mid-latitude  summer  model  with  continental  aerosols 
and  a  visibility  of  23  kilometres.  The  solar  zenith 
angle  was  taken  to  be  2S*  and  nadir  observation  geometry 
was  assumed.  Results  for  a  wavelength  of  0.A80  microme¬ 
ters  are  given  in  Figure  1.  Althou^  most  vegetated 
targets  of  interest  in  remote  sensing  have  relatively 
low  reflectances  in  this  spectral  region,  errors  of 
several  percent  can  still  arise  if  multiple  scattering 
is  ignored.  At  0.775  micrometers,  the  errors  are 
roughly  one -third  of  those  shown  in  Figure  1.  However, 
vegetation  reflectances  are  considerably  higher  than  in 
the  blue  and  so  the  errors  will  still  be  on  the  order 
of  several  percent. 

The  reverse  computation  can  be  implemented  in  two 
different  ways.  One  approach  (Method  A)  is  to  use  the 
band- Integrated  values  for  r,,  r,,  and  p,  to  form  the 
expression 


p  -  y/(l+ys) 

(6) 

where 

P*  P, 

'■'77 

(7) 

Recall 

that  the  apparent 

reflectance  p*  is 

assumed  to  have  been  obtained  from  the  satellite  sensor 
observation  in  that  band.  The  other  approach  (Method 
B)  is  to  evaluate  equations  (3)  and  (4)  for  p(A)  on  a 
grid  of  wavelengths  across  the  band  and  integrate  as 
follows : 

/p(A)B(A)E„(A)dA 

p  -  - - 2 -  .  (8) 

/B(A)E^(A)dA 

In  evaluating  equation  (4) ,  the  quantities  r,(A) ,  r,(A) , 
and  p,(A)  are  computed  by  the  code,  whereas  p*(A}  is  a 
constant  equal  to  the  input  p*.  Method  A  is  more 
practical  because  slightly  less  computation  time  is 


involved  and,  more  Importantly,  the  apparent  reflectance 
at  the  sensor  p*  is  available  only  as  a  band- Integrated 
value  anyway.  However,  Method  B  appears  to  be  a  more 
proper  approach  at  first  glance. 

The  two  approaches  to  the  reverse  computations  do  not 
give  the  same  answer  and  it  has  proven  tq.be  Instructive 
to  analyze  how  this  comes  about.  Consider  the  test  case 
summarized  in  Table  1.  Briefly,  the  spectral  bands  are 
assumed  to  correspond  to  the  reflective  bandpassos  of 
the  Landsat-S  Thematic  Mapper  (TM),  SPOT-1  High  Resolu¬ 
tion  Visible  (HRV)  and  NOAA-9  Advanced  Very  High 
Resolution  Radiometer  (AVHRR)  sensors,  viewing  the  earth 
at  an  off-nadir  angle  of  30  degrees  (TM  is  obviously  a 
hypothetical  case  tn  this  respect).  The  illumination 
and  atmospheric  conditions  are  as  indicated  in  the  table 
and  the  uniform  surface  reflectance  is  given  by  a 
standard  vegetation  spectrum. 

In  order  to  test  the  reverse  runs  of  SS,  a  forward 
run  was  executed  for  each  spectral  band,  thereby 
generating  apparent  reflectance  values  for  use  as  input 
to  the  reverse  runs.  The  surface  reflectances  predicted 
by  the  reverse  runs  can  then  be  compared- to  the  original 
surface  reflectance  used  as  input  to  the  forward  case. 
The  input  conditions  listed  in  Table  1  were  used  to 
initiate  this  sequence,  and  so  the  surface  reflectance 
for  vegetation,  p(A),  is  a  spectral  distribution  as  a 
function  of  wavelength.  However,  the  SS  code  also 
computes  a  band- integrated  value  (using  equation  (8)) 
to  report  to  the  user.  This  is  the  reference  value  used 
in  the  comparison  since  the  outputs  of  the  reverse  runs 
are  a  single  value  for  a  given  spectral  band. 

Results  are  presented  in  Table  2.  The  predicted 
surface  reflectance  based  on  Method. A  is  denoted  p^  and 
that  based  on  Method  B  is  called  p,.  As  indicated  in 
the  table,  p^  (obtained  from  band- Integrated  atmospheric 
values)  is  within  one  percent  of  the  original  surface 
reflectance  in  all  bands.  The  results  for  .p|  (Itself 
band- Integrated)  are  not  as  close  and  there  are  evident¬ 
ly  substantial  differences  in  TM  band  5  and  AVHRR  band 

2.  The  problem  arises  because  the  atmosphere  adds  a 
wavelength  dependence  to  the  surface  vegetation  spectrum 
that  the  sensor  cannot  capture  explicitly  and  that  is 
not  taken  into  account  at  the  input  to  the  reverse 
calculation.  Because  the  apparent  reflectance,  p*,  is 
assumed  to  be  based  on  satellite  sensor .data-in  a  given 
spectral  band,  p*(A)  as  it  is  input  to  the  Method  B 
reverse  run  is  constant  across  the  .band  and  equal  to  the 
band- Integrated  value,  p*.  However,  the  actual  spectral 
distribution,  p*(A) ,  deviates  qulte^  markedly  from  the 
band- Integrated  value,  p*,  in  the  longer  wavelength 
portion- of  TM  band  5,  for  example  (Figure  2).  The 
wavelength-specific  nature  of -the  Method  B  computation 
then  over-corrects  this  constant  value  for  strong 
atmospheric  effects  in  that  part  of  the  bandpass 
(particularly  gas  absorption  effects)-.  Note  that  it  is 
because  this  deviation  is  asymmetrical  in  the  bandpass 
that  a  problem  arises.  In  other  bands- where  there  is 
significant  gaseous  absorption,  the  net  deviation  can 
be  small  after  Integration. 

3.  BANDPASS  VERSUS  MONOCHROMiATIC  COMPUTATIONS 

Tile  more  accurate  models  of  radiative  transfer 
through  the  atmosphere  are  complex  uuU  ueu.reqUIre  A  lot 
of  computer  processing  time.  In  r  'mote  sensing  studies, 
such  models  are  typically  run  at  just  one  wavelength  to 
represent  a  spectral  band  in  order,  to  .save  tlmi,  A 
wavelength  often  chosen  for  this  purpose  is  the 
equivalent  centre  wavelength  for  the  bandpass  based  on 
a- moments  method  (Palmer  and  Tqmaskq,  1980),  However) 
the  question  arises  as  to  whether  a  mohochromaclc  result 
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is  sufficient  for  wider  bandwldths.  More  approximate 
atmospheric  codes  run  faster  and  can  therefore  be  used 
at  many  wavelengths  across  a  given  spectral  band.  Such 
codes  are  also  more  easily  Incorporated  into  the  image 
correction  framework,  where  the  atmospheric  state  must 
be  assessed  at  a  number  of  locations  In  the  scene 
(Telllet  et  al. .  1987). 

Because  the  5S  code  has  a  relatively  short  execution 
time,  It  computes  atmospheric  parameters  on  a  O.OOS- 
micrometer  grid  and  integrates  over  the  chosen  spectral 
band.  This  approach  Is  less  feasible  with  detailed 
numerical  codes  that  take  a  long  time  to  run  and  so  a 
monochromatic  value  Is  often  used  to  characterize  a 
spectral  band  result.  For  wider  bandwldths  such  as  NOAA 
AVHRR  channel  1  (0.S30-0.810  micrometers)  and  channel 
2  (0.680-1.170  micrometers),  the  single-wavelength 
calculation  may  not  be  very  representative.  The  SS  code 
was  used  to  explore  this  issue  without  using  excessive 
amounts  of  computer  time. 

In  one  comparison,  the  apparent  reflectances  obtained 
from  forward  SS  runs  based  on  Table  1  were  used  as 
inputs  to  two  reverse  run  cases.  One  case  consisted  of 
full  bandpass  calculations  to  predict  surface  reflectan¬ 
ces  In  the  TH,  HRV,  and  AVHRR  reflective  bands,  where 
a  full  bandpass  calculation  consists  of  the  aforemen¬ 
tioned  Integration  by  the  SS  code  using  a  O.OOS-mlcro- 
meter  grid.  In  the  other  case,  an  equivalent  band 
centre  wavelength  was  obtained  using  the  moments  method 
for  a  given  band  and  a  SS  reverse  run  was  performed 
monochromatically  at  that  wavelength.  The  results  are 
presented  In  Table  3 .  The  differences  between  predicted 
surface  reflectances  based  on  bandpass  versus  monochro¬ 
matic  computations  are  at  least  2%  and  can  be  as  high 
as  22%  (AVHRR  channel  2).  The  difference  between  the 
two  cases  in  any  given  situation  will  depend  on  the 
spectral  dependence  of  the  exo- atmospheric  solar 
Irradlance,  the  surface  reflectance,  the  atmospheric 
characteristics,  and  the  sensor  bandpass  response. 

In  another  comparison,  both  bandpass  and  monochro¬ 
matic  modes  were  used  to  generate  apparent  radiance 
values  at  sensor  altitude  In  NOAA-9  AVHRR  channel  2. 
Results  were  also  obtained  from  monochromatic  runs  at 
4  wavelengths  In  the  bandpass,  as  well  as  at  12  wave¬ 
lengths.  The  spectral  radiances  obtained  for  the 
various  component  wavelengths  of  the  band  were  then 
combined  by  means  of  weighting  coefficients  based  on 
sub-band  response  values  normalized  by  the  total  filter 
response  for  that  case.  These  cases  for  limited  numbers 
of  wavelengths  were  compared  to  the  full  bandpass 
Integration  which,  being  based  on  a  0.005 -micrometer 
grid,  involved  dozens  of  wavelengths  across  the  spectral 
band.  The  Input  conditions  for  the  SS  code  runs  are 
given  in  Table  4  and  involve  uniform  sand  and  uniform 
vegetation  surfaces.  The  results  given  in  Figure  3 
Indicate  that  single-wavelength  radiances  differ  greatly 
from  the  bandpass  value.  In  AVHRR  channel  2,  this 
occurs  primarily  because  one  wavelength  cannot  represent 
the  gas  transmittance  variations  and  the  shape  of  the 
skewed  sensor  response  profile  across  the  band,  regard¬ 
less  of  the  type  of  surface  reflectance.  However,  the 
convergence  toward  the  reference  bandpass  result  with 
an  Increasing  number  of  wavelengths  appears  to  be  fairly 
rapid.  A  comparable  analysis  for  AVHRR  channel  1 
resulted  in  e  slewer  ccnvorger.ee  toward  the  reference 
case  for  a  vegetation  target. 

4.  COKCLUDIHG  REMARKS 

A  reverse  computation  capability  for  surface  reflec¬ 
tance  retrieval  has  been  Implemented  In  the  SS 
atmospheric  code  In  two  different  ways.  The  two 


approaches  do  not  always  give  the  same  answer.  The 
problem  has  been  studied  with  the  help  of  simulations 
Involving  the  reflective  spectral  bands  of  the  Landsat 
TH,  SPOT  HRV,  and  HOAA  AVHRR  sensors,  observing  a 
vegetated  surface  through  a  standard  atmospheric  state. 
For  sensor  bands  where  there  is  significant  gaseous 
absorption  distributed  asymmetrically  across  the  band, 
the  spectral  distribution  of  apparent  reflectance  at 
sensor  altitude  can  deviate  quite  markedly  at  certain 
wavelengths  from  the  band- Integrated  value  observed  by 
the  sensor.  In  such  cases.  It  Is  preferable  to  compute 
the  predicted  surface  reflectance  from  atmospheric 
parameters  that  have  already  been  band- Integrated, 
rather  than  carrying  out  a  stepwise  band  Integration  of 
the  predicted  surface  reflectance  as  a  function  of 
atmospheric  parameters.  The  use  of  an  Inappropriate 
method  In  the  reverse  computation  can  give  rise  to 
errors  in  surface  reflectance  prediction  as  large  as  45 
to  60  percent  in  certain  spectral  bandpasses. 

The  differences  between  predicted  surface  reflectan¬ 
ces  based  on  monochromatic  as  opposed  to  bandpass 
computations  can  be  substantial  In  commonly  used  sensor 
bands,  ranging  from  2  to  22  percent  In  the  examples 
considered  here, 
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TABLE  1;  Input  conditions  for  the  5S  code  runs. 

Terrain  elevation; 

0  km 

Sensor  altitude: 

999  km 

Solar  zenith  angle; 

60" 

Solar  azimuth  angle; 

150* 

Sensor  zenith  angle: 

30* 

Sensor  azimuth  angle: 

100* 

Atnosplieric  profile. 

Hid"  latitude  auou&er 

Aerosol  model: 

Continental 

Visibility: 

23  km 

Surface  reflectance: 

Uniform  vegetation 

Spectral  bands: 

Landsat-5  TH  (reflective) 
SPOT-1  HRV  (multlspectral) 
NOAA-9  AVHRR  (reflective) 
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TABLE  2: 
in  Table 
acti ally 

Results  of  SS  model  runs.  The  forward  case  la  based  on  the  conditions  specified 

1.  The  quotation  narks  on  the  input  values  are  a  reminder  that  the  input  Is 
a  spectrally  varying  /i(A)  and  the  tabulated  f  is  merely  the  band-integrated  value. 

Spectral 

Band 

Forward  SS  Run  Reverse  SS  Run  A  t  difference 
Input  Output  between 

/>  p*  p  and  p^ 

Reverse  SS  Run  B 
Output 

ft 

%  difference 
between 

P  end  p. 

TMl 

"0.1006" 

0.1015 

0.89% 

0.1000 

0.60% 

TH2 

"0.1175" 

0.1181 

0.51% 

0.1183 

0.68% 

TH3 

"0.0960" 

0.0954 

0.63% 

0.0958 

0.21% 

TM4 

"0.5270" 

0.5270 

0.00% 

0.5492 

4.2% 

TM5 

"0.3731" 

0.3743 

0.32% 

0.6058 

62.0% 

TH7 

"0.2133" 

0.2142 

0.42% 

0.2173 

1.9% 

HRVl 

"0.1170" 

0.1178 

0.68% 

0.1174 

0.34% 

HRV2 

"0.1139" 

0.1144 

0.44% 

0.1151 

1.1% 

HRV3 

"0.5275" 

0.5276 

0.02% 

0.5449 

3.3% 

AVHRRl 

"0.1098" 

0.1107 

0.82% 

0.1114 

1.5% 

AVHRR2 

•0.5156" 

0.5152 

0.08% 

0.7521 

46.0% 

TABLE  3; 

Differences  between  predicted 

surface  reflectances  based  on  bandpass  versus 
monochromatic  computations.  The  results  are 
expressed  In  terms  of  percent  difference 
between  bandpass  reflectance  and  monochromatic 
reflectance  with  respect  to  the  bandpass 

reflectance  values. 

Spectral 

Percent 

Spectral 

Percent 

Band 

Difference 

Band 

Difference 

TMl 

•1.9% 

HRVl 

•  1.8% 

TM2 

•7.5% 

HRV2 

-  7.9% 

TH3 

+3.3% 

HRV3 

+  1.6% 

TK4 

+2.9% 

TM5 

+8.8% 

AVHRRl 

+  2.1% 

TM7 

+3.4% 

AVHRR2 

+21.8% 

TABLE  4:  Input  conditions  for  SS  code  runs  tued 
to  study  spectral  bandpass  radiance  results  using 
a  limited  number  of  monochromatic  calculations. 

Terrain  elevation: 

1.2  km 

Sensor  altitude: 

999  km 

Solar  zenith  angle: 

60" 

Solar  azimuth  angle: 

135* 

Sensor  zenith  angle: 

0" 

Sensor  azimuth  angle: 

101" 

Atmospheric  profile: 

Hid- latitude  summer 

Aerosol  model: 

Continental 

Visibility: 

100  km 

Surface  reflectance: 

(I)  uniform  sand 

(II)  uniform  vegetation 

Spectral  bands: 

NOAA-9  AVHRR  (reflective) 

WAVELENGTH  (MICROMETRES) 

Figure  2 :  Vegetation  reflectance  inputs  and  outputs  for 
the  SS  code  runs  in  the  TH  band  S  spectral  region. 


REFLECTANCE  (NON-LINEAR) 


Figure  1:  Comparison  of  predicted  surface  reflectance 
with  (x  axis)  and  without  (y  axis)  taking  multiple 
scattering  Into  account.  The  points  are  based  on 
reverse  runs  of  the  SS  code  over  vegetation  for  a 
wavelength  of  0.A80  micrometers  and  the  cuxvo  Is  a 
quadratic  fit.  The  straight  line  Is  the  1:1  line  for 
visual  reference. 


Figure  3; Comparison  of  apparent  radiance  values  at 
sensor  altitude  In  NOM-9  AVHRR  channel  2  generated  by 
SS  runs  at  a  limited  number  of  wavelengths  versus  the 
full  bandpass  calculation.  The  radiance  ratio  Is 
defined  as  the  result  from  a  limited  number  of 
wavelengths  divided  by  the  bandpass  result. 
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IMAGE  BASED  ATMOSPHERIC  CORRECTION  OF 
AIRBORNE  IMAGERY 

J.  R.  Freemantlef,  J.  R.  Millerf,  N.  T.  0*N«iI4t  and  A.  Royer^ 
fCenter  for  Reacarch  in  Experimantal  Space  Science, 

York  Univereity 

4700  Keele  Street,  North  York,  Ontario,  Canada,  MSJ  IPS 
Tel:  (4ie)-730-3100  x3S10,Telext  06534738,  Fax:(416).7Se-5516 
(CARTEL,  Univeraitd  de  Sherbrooke 
Sherbrooke,  Quebec,  Canada  JIK  3R1 
Tel:  (810)-831-7180,  Fax:  (810)-831-7338 

The  need  for  atmoipheric  correction  of  imagery  for  quantitative  remote 
eenaing  hai  long  been  recogniaed.  Unfortunately  atmoipheric  meaaure* 
ments  made  coincident  with  image  acquiiition  which  would  enable  atmo¬ 
spheric  correction  are  not  always  available.  It  therefore  ii  desirable  to  be 
able  to  derive  atmospheric  parameters  from  the  imagery  alone  in  order  to 
incorporate  some  sort  of  atmospheric  correction  procedure  into  the  analysis 
of  imagery. 

For  satellite  image  analysis  image  based  darkest  pixel  algorithnu  have 
been  used  for  a  number  of  years  over  water.  Over  land  the  problem  is  more 
complex  because  the  surface  albedo  is  usually  an  unknown  quantity.  A 
number  of  methods  of  correcting  airborne  data  over  land  have  been  tried 
which  involve  flying  the  aircraft  at  diflferent  altitudes  and  along  different 
flight  lines  over  the  same  target.  These  methods  add  expensive  flight  time 
to  a  remote  sensing  missiott. 

Using  imagery  with  high  spectral  and  high  spatial  resolution  a  number  of 
new  inuge  based  methods  are  being  explored.  They  include  using  shadows 
in  the  imagery  to  calculate  an  irradiance  ratio  and  oxygen  absorption  lines 
to  determine  aerosol  optical  depths.  The  results  wiU  be  intercompared  and 
evaluated  with  extensive  ground  truth  measurements  made  concurrent  with 
the  aircraft  overflight. 
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ANALYSE  DES  AEROSOLS  A  PARTIR  DES  IMAGES  AVHRR-NOAA  9  ET  10. 
APPLICATION  A  LA  CARTOGRAPHIE  DES  SULFATES. 
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CARTEL,  Centre  d'applications  et  de  recherches  en  t616d6tection. 
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R6suin6 

Cette  6tude  pone  sur  I'estimation  des  concentrations  des  adrosols  <t 
panir  de  luminances  dans  les  bandes  1  et  2  des  images  AVHRR 
-NOAA  au  dessus  des  surfaces  aquatiques  et  vdgdtalisdes.  Un 
modble  d'inversion  ddveloppd  it  partir  du  modile  SS  de  Tanrd  £t  si. 
1986,  permet  le  calcul  de  I'dpaisseur  optique  des  adrosols  (ta )  sur 
tous  les  pixels  de  I'image.  Une  simulation  de  la  variation  des 
hypotheses  du  modble  en  function  de  ta  est  rdalisde.  En  exemple, 
une  application  du  modfele  d'inversion  sur  une  image  AVHRR- 
NOAA  10  est  prdsentde.  On  y  observe  que  les  valeurs  de  ta  se 
comparent  aux  donndes  in-situ  pour  I'eau  mais  pas  pour  la 
vdgdtation.  Finalement,  on  montre  qu'it  partir  de  la  repartition 
spatiale  des  aerosols  de  type  continental,  on  peut  estimer  les 
concentradons  en  sulfates. 

Abstract 

In  this  paper,  we  present  a  method  for  esdmating  aerosol  optical 
depth  from  the  radiances  of  channels  1  and  2  of  AVHRR-NOAA 
imagery  over  water  and  vegetation  surfaces.  An  inversion  model 
developed  from  the  5S  model  of  Tanrd  cifll,1986,  is  employed  to 

calculate  the  aerosol  optical  depth  (ta)  on  a  pixel  by  pixel  basis.  An 
analysis  of  the  aerosol  optical  depth  precision  based  on  simulation 
studies  of  sensitivity  to  variations  in  water  quality(chlorophyll 
concentration),  water  vapor  content  and  vegetation  surface 
reflectance  was  performed.  The  inversion  model  applied  on  an 

NOAA-10  AVHRR  image  shows  that  ta  solutions  are  comparable  to 
ground  based  estimates  computed  from  extincUon  data  over  water 
surfaces  only.  Finally,  assuming  a  continental  type  aerosol  we 
compute  the  sulfate  concentration  from  the  aerosol  opdcal  depth 
maps. 

Mots-cl6s:  adrosols.modile  d'inversion,AVHRR-NOAA,sulfates 
1.0  Introduction 

L'imagerie  AVHRR(Advanced  Very  High  Resolution  Radiometer) 
des  satellites  NOAA  est  ddj^  largement  utilisde  dans  I'dtude  de 
I'dvolution  et  de  I'inventaire  de  ia  vdgdtation.  Toutefois,  son 
utilisation  se  rdpand  de  plus  en  plus  dans  les  dtudes  atmosphdriques, 
en  particulier  pour  le  transport  it  longue  distance  des  polluants 
(Chung,  1986).  Le  passage  bi-jounialier  ci  rinipoitaiicc  du  tetriloire 
convert  par  ce  satellite  permet  d'dtudier  de  vastes  regions  et  de 
visualiser  simultanfment  certains  phdnomines  mdtforologiques 
signiflcadfs  it  la  dispersion  des  polluants. 

Cette  dtude  est  oriehtde  sur  I’estimation  de  leur  concentration,  soit 
I'dpaisseur  optique  des  adrosols.  Le  but  de  cette  recherche  est  la  mise 
au  point  d'une  mdthode  permettant  d'estimer  les  concentrations  des 
aerosols  &  partir  des  luminances  dans  les  bandes  1  et  2  du  visible  et 


du  proche  infrarouge.  Etant  donnd  que  les  sulfates,  principaux 
polluants  atmosphdriques  et  parmi  les  plus  importants  optiejuement, 
sont  corrdids  de  fa;on  signiricative  au  coefficient  de  diffusion  de  la 
lumibre,  on  montre  qu'il  serait  possible  d'en  ddduire  une 
cartographie  quantitative  des  sulfates.  11  faut  toutefois  noter  que  si  le 
suivi  des  abrosols  est  possible  au  dessus  des  oc£ans(ou  de  grands 
lacs  dans  notre  cas)  (Royer  £t  al, 1988a),  leur  observation  au  dessus 
des  continents  est  txaucoup  plus  difficile. 

2.0  Mbthodologie 

2.1  Modile  d'inversion 

Le  modble  d'inversion  utilisbe  dans  I'dtude  est  ddrivd  du  modble  de 
transfert  radiatif  5S  (Tahiti  fil  al.  1986).  Une  modification  importante 
a  titti  apporttie,  soit  le  calcul  de  I'tipaisseur  optique  des  atirosols  en 
fonction  de  I'humiditti  mlative  dans  I'air.  L'humiditti  relative  ayant  un 
effet  sur  la  taille  et  I'indice  de  rtifraction  de  ces  particules,  les 
paiambtres  optiques  relitis  aux  atirosols  s'en  trouvent  mbdifitis. 

Le  calcul  des  tipaisseurs  optiques  des  atirosols  (ta)  s'enectue  par 
ittiration  sur  I'tigalitti  (b  lO-S  prbs)  entre  la  rtiflectance  apparente 
mesuitie  et  celle  calcultie  par  le  modble  en  supposant  connue  la 

rtiflectance  au  sol  (vtigtitation  ou  eau).  Tous  les  ta  solutions  forment 
I'image  des  tipaisseurs  optiques  des  atirosols.  La  prticision  du  modble 
a  titti  discuttie  par  ailleurs  (Royer  gial,  1988a).  En  particulier,  nous 
avons  examinti  la  prticision  de  I'inversion  en  fonction  des  ahgies  de 
vistie  qui  peuvent  etre  importants  dans  le  cas  d'une  image  AVHRR- 

NOAA(+50O). 

2.2  Traitement  des  images 

La  plupart  des  titudes  effectuties  sur  la  mesure  des  atirowls  ne  sont 
rtialisties  que  sur  un  type  de  surface  terrestre  homogtine  k  la  fois,  par 
exemple  la  fortit  (Tsonis,  1987)  ou  I’eau  (Freemantle,  1985).  Le 
modble  dtiveloppti  ici  considbre  les  surfaces  vtigtitalisties  et 
aquatiques: 

Image  brute  (bande  1  ou  2) 

calcul  de  ta - » image  des  tipaiswurs 

Image  thbme - - — '  optiques  des  atirosols 

Ce  schtima  prtisente  le  principe  du  traitement  des  iir.  ages.  L’image 
bnite  est  nne  image  AVHRR-NOAA  9  on  10  et  la  bande  est  choisie 
en  fonction  de  la  cible  considtirtie.  S'il  s'agit  de  vtigtitation  nous 
utilisons  la  bande  l  englobant  I'absotption  de  la  chiorpphylle  et  pour 
laquelle  la  rtiflectance  est  relativement  stable;  si  e'est  de  I'eau  nous 
utilisons  la  bande  2  correspondant  k  une  rtiflectance: hulle.  Nous 

combinons  en  sortie  les  deux  bandes  pour  n’avoir  qu'une  image  de 

ta,  ramentie  b  une:  longueur  d’onde  de  0.55  pm.  L’ithage  thbme 
obtenue  par  un  calcul  de  I'indice  de  biomasse  (IR-R)/QR-<-R)  permet 
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de  sdparer  les  surfaces  vdgdtalis6es  des  surfaces  aquatiques.  Un 
ddeoupage  dc  rhistogramme  de  cette  image  est  rdalisd  ^ur  identifier 
les  surfaces  v6gdtalis£es,  aquadques  et  non-classiil£es. 

3.0  Risultats 

3.1  Analyse  de  la  reflectance  apparente  en  fonction  de  la  reflectance 
ausol 

Les  figures  la  et  lb  montrent  la  variation  de  la  reflectance  apparente 
integrde  sur  toute  la  bande  AVHRR  en  fonction  de  la  reflectance  au 

sol  pour  4  valeurs  de  Ta .  II  existe  un  point  critique  oil  la  reflectance 

apparente  sera  toujours  la  m8me  quelque  soit  la  valeur  de  ta 
(Kaufman,  1987).  On  observe  done  une  zone  ddfavorable  oil 

I’inversion  est  tris  instable,  0.1<p<0.25  pour  la  bande  1  et 

0.08<p<0.2  pour  la  bande  2.  Ces  reflectances  correspondent 
typiquement  au  sol  nu.  Par  centre,  la  vegetation  dans  la  partie  rouge 
du  spectre  (0.6-0.7  pm)  pourrait  eonstituer  des  zones  de  reference  au 
dessus  de  la  terre.  En  effet,  les  surfaces  vegetales  qui  couvrent  pres 
de  50%  des  continents  ont  une  reflectance  integree  sur  la  bande  1 
AVHRR  assez  faible,  de  I'ordre  de  3-4%,  et  restent  relativemcnt 
stables(±2%)  (Royer  £ial,  198 8b:  Kaufman  et  Saundi:a,1988). 

3.2  Variablllte  du  signal  aux  hypotheses  du  modeie 

Nous  avons  fait  varier  differents  paramitres  d'entree  du  modMe 
d'inversion  pour  dvaluer  la  precision  des  ta  obtenus  suite  au 
traitement  des  images.  A  la  figure  2a,  on  a  montrd  I'effet  de  la 
variation  de  la  concentration  en  chlorophylle  dans  I'eau  pour  la  bande 
1  si  Ton  prend  la  reflectance  de  I’eau  comme  reference(modeie  derive 
de  Deschamps  £ial.  1980).  Quand  la  concentration  en  chlorophylle 

varie  de  .05  mg/m3  nous  obtenons  une  precision  de  10%  sur  ta. 
Pour  la  vegetation,  qui  est  plus  variable  en  reflectance  que  I’eau, 
nous  obtenons  une  precision  moins  bonnefflgure  2b).  Quand  la 

reflectance  varie  de  .02  nous  augmentons  I’erteur  sur  ta  par  un 

facteur  2.  Toutefois  ce  facteur  tend  it  diminuer  quand  ta  augmente. 
Dans  la  bande  2(figure  2c),  la  variation  de  la  quantite  de  vapeur  d’eau 
modifie  la  reflectance  apparente  mesuree(absorption).  L’eireur  sur 

les  valeurs  de  ta  est  de  moins  de  10%  quand  la  quantite  de  vapeur 
d’eau  varie  de  .3  gjenfl. 

3.3  Exemple  d'application  du  modeie  d'inversion  sur  une  image 
AVHRR-NOAA 

Le  modMe  a  ete  applique  it  une  image  AVHRR-NOAA  10  du  lac 
Ontario  du  1 1  aoflt  1987.  La  figure  3  montre  le  resultat  de  la 
combinaison  des  images  des  dpaisseurs  optiques  des  aerosols  de  la 

bande  1  (vegetation)  et  la  bande  2(eau).  On  remarque  que  ta  au 
dessus  de  I'eau  est  plus  faible  qu’au  dessus  de  la  vegetation.  Nous 
observons  dgalement  une  bordure  sur  le  pourtour  du  lac 
correspondant  aux  pixels  mixtes  dus  it  la  contamination  du  signal  de 
I’eau  par  I’effet  d’environnement  et  la  reflexion  du  fond.  Les  pixels 
non-classifies  representent  des  zones  de  sol  nu,  urbaines  ou  des 
nuages.  En  comparant  les  donnees  in-situ  aux  donnees  image,  on 
voit  que  pour  les  secteurs  pris  du  lac  ou  sur  le  lac,  les  valeurs  sont 
du  meme  ordre  de  grandeur  it  10%  pris.  Au  dessus  des  surfaces 
vdg^talisdes,  le  modftlc  d’inversion  surestime  beaucoup  I’dpaisseur 
optique  des  aerosols. 

4.0  Discussion 

D’apr&s  les  diffdrents  tests  effectuds,  nous  considdrons  que  le 
modMe  d’inversion  d6veloppd  ici  est  assez  rapide  et  precis  et  que  son 
utilisation  pour  determiner  rdpaisseur  optique  des  aerosols  est 
avantageuse.  Toutefois,  I’inversion  au  dessus  des  surfaces 
vdgetalisees  demande  ^  etre  dtalonnde  puisque  Tdcart  est  trop 
important  par  rapport  aux  mesures  au  sol  et  par  rapport  aux  zones 


voisines  situ^es  aux  dessus  de  I’eau  avec  la  valeur  de  p  vdgetation 
udlisee(0.04).  La  figure  2b  montre  qu'il  existe  une  valeur  de  p(0.06) 

pour  laquelle  on  a  des  valeurs  ta  homogbnes  sur  toute 
rimage(eauA'£gdtation). 

Application  d  la  cartographie  des  sulfates 

La  ddteimination  de  la  rdpartition  spatiale  des  dpaisseurs  optiques  des 
a6iosols  nous  permet  d’envisager  la  cartographie  des  concentrations 
en  sulfates.  En  effet,  il  existe  une  relation  entre  le  coerficient  de 
diffusion  des  adrosols  et  la  concentrations  des  sulfates  au  sol 

(tableaul).  Etant  donnd  que  ta  reprdsente  I'intdgration  verticale  du 
coefficient  de  dirfusion,  on  peut  dire  ^e  ce  paramitre  est  corr<l£  it  la 
concentration  int^gr^e  des  sulfates.  Si  I’^paisseur  de  la  couche  des 
adrosols  est  sensiblement  constante  dans  une  variM6  de  conditions  on 
peut  calculer  la  concentration  de  sulfates  au  sol.  La  concentration  des 
sulfates  estimfe,  pour  la  rdgion  de  Toronto,  it  partir  des  donnfes 

images  au  dessus  de  I'eau  est  de  4.8-7. 8  pg/m3  en  supposant  une 
dpaisseur  de  couche  des  a6rosols(scale  height)  de  1km  et  un  module 
des  aerosols  de  type  continental;  et  celle  mesurde  in-situ  par  TOME 

pour  une  joumde  est  de  7.5  pg/m3  (+1.7). 

5.0  Concluc’on 

La  mithode  propoiifv  pourrait  done  permettre  de  cartographier  les 
sulfates  sur  les  zones  continentales  urbanisdes.  Le  principal 
handicap  rencontrd  conceme  la  moddlisation  de  la  v^gMation  par 
rapport  aux  bandes  tris  larges  du  AVHRR-NOAA.  En  effet,  la 
bande  passante  du  visible(bande  1)  chevauche  un  peu  le  ddcalage  de 
'Tdpaule  rouge"  des  reflectances  dans  le  proche  IR,  la  valeur  integrde 
sur  cette  bande  peut  done  varier  de  i0.02  suivant  le  type  de 
vegetation(agricultuie  vs  foiet  par  exemple). 

L'arrivee  de  Landsat  6  avec  le  capteur  SEAWiFS  uyant  une 
resolution  equivalente  h  NOAA  mais  avec  des  bandes  spectrales  plus 
etroites  pourra  ameiiorer  les  calculs  de  I’epaisseur  optique  des 
aerosols  au  dessus  des  surfaces  vegetalisees. 

Ce  projet  a  ete  en  partie  subventionne  par  le  Ontario  Ministry  of  the 
Environment(OME  Projectlt349G)  etmr  le  CRSNG,  Canada(A8643 
etAl765) 
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ABSTRACT 

NOAA-AVHRR  data  are  associated  to  a  great  extent 
with  the  scan  angle  effect.  It  is  necessary  to 
renove  the  scan  angle  effect  from  this  type  of  data 
prior  to  analysis.  This  paper  provides  a  simplified 
and  fviasible  approach  to  correct  scan  angle  effect 
for  AVHRR-NOAA  data  in  the  visible  and  near-IR  parts 
of  the  electromagnetic  spectrum  (channels  1  and  2). 
Corrections  attempt  to  provide  pixel  by  pixel  nadir 
responses.  The  approach  is  based  on  a  simplified 
scene  spectral  radiance  equation  that  in  developed 
in  this  study.  The  values  of  relevant  atmospheric 
parameters  such  as  the  total  normal  optical 
thickness,  and  path  spectral  radiance  for  each 
spectral  band  were  estimated  from  the  real  images. 
Lambert's  law  was  assumed  as  a  bidirectional 
reflection  at  the  ground  surface.  The  contributions 
due  to  multiple  reflection  were  neglected.  The 
feasibility  and  the  limits  of  this  approach  have 
been  tested  and  reviewed  against  the  imagery  ft'cm 
AVHRR-NOAA  9  above  a  pasture  of  Aveyron  in  the  south 
of  France. 

Key-words  :  NOAA-AVHRR  Data,  Scan  angle  effect,  view 
zenithal  angle.  Radiometric  Correction. 


25  %  of  the  scanline)  can  be  better  used  without 
scan  angle  correction.  That  is,  the  75X  portion  of 
the  NOAA-AVHRR  data  is  strongly  contaminated  by  the 
scan  angle  effect. 

On  the  other  hand,  a  comparative  analysis  of  NOAA- 
AVHRR  data  taken  on  a  series  of  dates  can  provide 
additional  elements  of  the  identifying  signature 
because  many  types  of  features  exhibit  changes  with 
the  passage  of  time.  It  also  follows  that  more 
information  about  the  earth  resource  of  an  area  can 
be  obtained  from  imagery  of  it  that  have  ^en  taken 
on  several  or  more  dates  than  from  imagery  ox'  it 
taken  on  only  one  date.  For  example,  the  normalised 
difference  vegetation  index  between  We  near 
infrared  and  the  visible  channels  of  NOAArAVHRR  is  a 
important  tool  to  follow  up  the  evaluation  of 
drought  impact  on  fodder  production.  However,  such  a 
use  always  needs  a  series  of  sateHite  data 
collected  during  some  different  dates.  It  means  that 
the  multitemporal  data  measured  by  the  NOAA-AVHRR 
sensor  at  the  different  scan  angles,  for  the  same 
ground  location  are  used.  It  is  impossible  to 
extract  information  for  the  same  target  at  the 
earth's  surface  from  the  NOAA-AVHRR  data  without 
scan  angle  correction. 


1  -  INTRODUCTION 

Since  1979  the  AVHRR  (Advanced  Very  High  Resolution 
Radiometer)  sensors  have  been  installed  on  the  NOAA 
satellites,  there  have  been  a  number  of  studies  in 
the  use  of  NOAA-AVHRR  Data  such  as  to  monitor  the 
herbacious  biomass  production,  provide  crop 
condition  assessments,  detect  tropical 
deforestation,  make  vegetation  classification, 
monitor  seasonal  and  phenologlcal  changes  in 
vegetation  on  a  global  scale,  and  monitor  drought 
impact  on  forage  surface  and  many  other  examples. 


The  NOAA-n  satellites  have  a  sunsynchronous  polar 
orbit  of  about  height  830  km  (+18  km),  with  a 

V.'fmR  sensor 


ic 


scans  1024  pixels  on  either  side  of  nadir 
(approximately  1350  kr.i  to  the  east  and  to  the  west 
of  nadir) .  Scan  angles  increase  from  zero  to  55.4 
degrees  on  both  sides  of  nadir.  This  situation  is 
meant  by  a  possible  variation  of  a  view  zenithal 
angle  range  of  +  67“ ,  Thus,  the  spectral  radiance 
falling  into  the  NOAA-AVHRR  sensor  must  pass  through 
more  of  the  earth's  atmosphere  as  the  scan  angle 
increases  (JOHNSON  et  al,  1986).  In  fact,  about  255 
pixels  to  the  left  and  right  of  nadir  (the  center 


An  approach  is  proposed  in  providing  answers  to  the 
above  described  necessity.  Scan  angle  correction  was 
made  for  AVHRR-NOAA  data  in  the  visible  and  near-IR 
parts  of  the  electromagnetic  spectrum  (channels  1 
and  2) .  Each  pixel  value  along  the  scahline  was 
corrected  to  simulate  a  nadir-response.  The=approach 
is  based  on  a  simplified  scene  spectral  radiance 
equation  that  is  developed  in  this  study.  The  values 
of  relevant  atmospheric  parameters  such  as  We  total 
normal  optical  thickness,  and  path  spectral-=radlance 
for  each  spectrcl  band  were  estimated  from  the  real 
images.  Lambert's  law  was  assumed  as  a  bidirectional 
reflection  at  the  ground  surface.  The  contributions 
due  to  multiple  reflection  were  neglected. 


2  -  MODELLING 

In  this  section,  we  have  an  interest  W 
derivation  of  the  correction  model  that  Wansforms 
the  spectral  radiance  measured  by  the  NOAA-AVHRR 
sensor  at  the  arbitrary  view  zenithal  angle 
(corresponding  to  the  scan  angle)  to  Wo  spectral 
radiance  at  the  zero  view  zenithal  angle,  that  is 
only  a  function  of  the  solar  radiation.  We 
atmospheric  characteristics,  the  anglW  of 
incidence.  We  wavelengW  and  surface  maWrial.  In 
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all  the  following  expressions,  the  wavelength 
subscriptions  have  been  emitted. 

The  relation  between  the  view  zenithal  angle  and  the 
scan  angle  is  ploted  in  figure  1.  ©  andctare  the 
view  zenithal  angle  and  the  scan  angle  respectively 
(rad).  R(km)  is  the  radius  of  the  Earth,  H(km)  the 
orbital  height.  We  have  a  following  transformation 
form  of  the  scan  angle  to  the  view  zenithal  angle 

sin  0  =*^-~sinCt  (1) 

R 


Thus,  in  our  model,  the  view  zenithal  angle 
correction  will  be  practically  discussed,  instead  of 
the  scan  angle  correction  that  was  used  in  the 
literature. 


A  simple  sketch  is  depicted  in  figure  2.  The 
spectral  radiance  reaching  the  NOAA-AVHRR  sensor 
consists  of  two  parts  :  solar  electromagnetic 
radiation  scattered  by  the  atmosphere  in  the 
direction  of  the  sensor  including  the  reflected 
radiation  part  from  the  environment  surface  of  the 
target,  and  solar  electrcmagnetic  radiation  reaching 
the  target  of  the  earth  (the  sum  of  the  irradiances 
of  the  direct  sunlight  and  of  the  skylight)  and 
reflected  by  the  target  in  the  direction  of  the 
sensor.  The  target  surface  is  assumed  as  a 
horizontal  flat  lambertian  surface  on  a  macroscopic 
scale.  The  atmosphere  is  treated  as  a  series  of 
horizontally  homogeneous  parallel  slabs.  The 
skylight  was  treated  as  a  uniform  hemispherical 
source.  The  direct  sunlight  was  treated  as  a 
well-collimated  source  (parallel  rays).  The 
variation  of  the  path  spectral  radiance,  view 
zenithal  an'^le  is  neglected.  Let  L  (W.m“‘^.sr“^.^m^) 
be  the  total  atmosphere  upwarff  scattered  path 
spectral  radiance  including  the  radiance  reflected 
by  the  ground  (the  environments  of  the  target.  The 
total  spectral  radiance  LQ(W.m”‘^.sr”^. /Im”^) 
recorded  by  the  sensor  may  bs  re^esented  as 


,  P  ,  -T  sec  S_  r.  „  \  sec  ©, 

L  _  =  —  (e  E  cos  S  +  E ,)  e  M-L 

0  TT  o  a 


(2) 


where  S  (rad)  is  the  solar  zenithal,  angle,  ©the 
view  zenithal  angle,  E  (W.m”‘.^l  ir.  )  the  solar 
irradiance  at  the  "top"°  of  the  atmosphere  (the 
extraterrestrial  solar  irradiance).  E,  (W.m~‘.^m“^) 
the  diffuse  sky  irradiance,  p  (dimensionless)  the 
target  reflectance  and  T  the  total  normal  optical 
thickness,  which  equals  the  sum  of  the  separate 
optical  thicknesses  of  all  the  attenuating 
constituents.  All  variables  are  specific  to  each 
wavelength  band  except  the  solar  and  view  zenithal 
angle  terms,  S  and  ©  .  Equation  (2)  may  be 
rewritten  in  the  form 


P  /  -  sec  S  „  o  r-  \ 
—  (e  E„  cos  S  +  E.) 

IT  o  d 


-  T  -T  sec  © 
e  e  ^ 


+  T 


+  L. 


that  is 


V  =  <''©-  ‘'a>  ®  +  ^a 


The  above  equation  presents  the  relation  between  the 
spectral  radiance  measured  by  the  satellite  sensor 
at  the  arbitrary  view  zenithal  angle  and  the 
simulated  spectral  radiance  at  the  zero  view 
zenithal  angle  (YANG  1986) . 


3  -  APPLICATION 


3.1.  Algorithm  of  transfomation  from  radiance  to 
digital  numbers 

The  NOAA-AVHRR  sensor  is  not  monochromatic,  but 
measures  integrated  upwelling  space  radiance  within 
some  broad  wavelenght  bands.  The  relation  between 
the  mean  spectral  radiance  L  recorded  by  the  sensor 
and  digital  nu.nbers  DN  (dimensionless)  in  the  given 
Land  is  quantified  by  the  following  expression 

DN  =  A«L+  B  (6) 

where  A,  B  are  the  calibration  coefficients.  Let 
DNq„,  DN  Q  ,  DN^  be  the  digital  numbers  of  the 
correspondRg  mean  Lq,  ,  L  q  ,  L  ,  respectively. 
Equation  (5)  can  be  r^ritten'^'as  ® 

DNq,/A-B/A  = 

(DN  _  /A-B/A-(DN  /A-B/A))  o’"®®®  ®  +  DN  /A-B/A 

that  is 

DNjj,=(DN  Q  -DN^)  e’’  dn^  (7) 

If  all  the  values  of  the  parameters  on  the  right  of 
equation  (7)  are  known,  DN^.,  can  be  calculated.  The 
DN  Q  is  directly  available  from  NOAA-AVHRR  data. 

3.2.  Estimation  of  the  total  normal  optical 
thickness 

The  value  of  the  total  normal  optical  thickness  can 
be  usually  evaluated  from  Lowtran  5  (or  Lowtran  6) 
Code  with  the  assumptions  of  a  mid-latitude  summer 
model  and  a  rural  aerosol  model  with  a  horizontal 
visibility  of  23  km  (corresponding  to  a  clear  sky). 
An  algorithm  is  proposed  for  estimating  the  total 
normal  optical  thickness  from  real  imagery.  As  shown 
in  figure  3,  let  the  targets  1  and  2  be  the  same 
nature  (the  surface  material  needs  to  be 
identified).  According  to  equation  (7),  we  have 

DNq,^  =  (DN  q  -  DN)  e’’  ^  +  DN  (8) 

and 

DNp„2  =  (DN  Q  2  -  DN)  e’’  ®®®  ©  ^  +  DN  (9) 


When  the  view  zenithal  angle  ©  is  zero,  the  value 
of  the  parameter  sec  ©  becomes  one.  The  above 
equation  becomes 

‘'0»  -  ‘-a  =  r  ®  cos  S  +  E^)  e"''  (4) 

Combining  equations  (3)  and  (4),  we  have 


On  the  assumptions  that  have  brought  about  equation 
(5),  (8),  and  (9),  the  calculated  value  ON.,,  should 
be  equal  to  the  DN^^gt 

(DN  Q  -  DN)  e’’  ®®®  ©  ^  +  DN  = 


©  °  'V 


L  )  e-  7  sec  ©  *  T 

a  a 


(DN  Q  2  -  DN)  e^  ®®®  ©  ^  +  DN 


L 


(10) 
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Being  derived  from  equation  (10),  the  total  normal 
optical  thickness  becomes 

ln((DN  ^  -  DN)  /  (Dtl  „  ,  -  DN ) ) 

T  - - i=l-i - S -  (11) 

sec  ©  2  “  ©  1 

If  K  numbers  of  couple  points  selected  ifke  the 
points  1  and  2  are  found,  the  total  normal  optical 
thickness  can  be  given  by 

1  k 

T  - - Et,  (12) 

K  i  ^ 

3.3.  Estimation  of  the  path  radiance 

Fear  methods  of  estimating  the  combined  path 

radiance  and  sensor  offset  terms  in  sensor-measured 
radiance  values  have  been  described  previously  in 
the  literature  (ROBERT  E.  CRIPPEN  1987).  They  are 
(1)  atmospheric  measurements  and  modelling  combined 
with  knowledge  about  the  sensor  calibration,  (2) 
dark-pixel  subtraction,  (3)  radiance-to-reflectance 
conversion  and  (4)  the  regression  method.  DarK-pixel 
subtraction,  also  known  as  the  histogram  minimum 
method,  is  a  pixel  with  zero  illumination  or 
additive  components.  In  this  study,  DN  was 
estimated  by  using  the  minimum  digital  number  fn  the 
corresponding  band. 

3.4.  Computation  of  the  view  zenithal  angle 

A  view  zenithal  angle  ©  can  be  computed  by  using 
the  pixel  locntion  (pixel  number)  of  given  target 
along  Uie  scanlino.  The  currcspondltig  equation  is 

0  = 

arcs  in  ( 1 «H/R ) * s in( ( Np-n/2 ) • 1 1 0 . 8«n/ ( i 80*n) ) 

(13) 

Where  the  n  is  the  total  pixel  number 
per  line,  N  the  local  pixel  number,  H  the  orbital 
height,  and  ft  the  radius  of  the  earth. 

Up  till  now,  the  algorithm  of  all  the  parameters 
needed  in  equation  (7)  has  been  proposed,  which 
makes  our  approach  of  scan  angle  correction  more 
applicable. 

3.5.  Data  and  results 

Applications  have  been  realized  for  two  Imagers  of 
N0AA-9-AVHRR,  in  visible  and  near  infrared  channels, 
respectively  taken  on  11/10/1985  and  13/10/1985.  The 
study  area  la  located  in  the  AVEYRON  in  the  south  of 
France.  The  area  (360  km*  420  km)  is  dominated  by 
the  fodder  production.  The  latitude  and  the 
longitude  of  the  area  centre  is  dd’Bl'N,  2'’36'E, 
respectively.  The  view  zenithal  angle  of  the  area 
centre  is  33*20'  for  the  image  taken  on  11/10/85, 
53*48'  for  the  image  taken  on  13/10/85.  The  NOAA- 
AVHRR  data  used  in  this  study  are  received  by  the 
Centre  de  Meteorologie  Spatiale,  Lannicn,  France. 
The  data  were  resampled  by  a  closest  neighbour 
procedure  and  rectified  to  a  Lambert  projection  map 
using  the  satellite  ephemerises  (D.  POZZOBOH  1987). 
After  geometric  correction,  location  accuracy  is 
within  1  km.  Thfe  jniniinum  digital  numbers,  chosen  as 
the  values  offi'DNa  in  equation  (7),  of  the  image 
taken  on  11/10/85  were  18,  11,  corresponding 

respectively  to  the  c.jannel  1  and  channel  2).  24,  15 
correspond  to  the  image  taken  on  13/10/85.  The 
results  are  shown  as  figure  4  and  figure  5. 


4  -  CONCLUSION 

Based  on  this  study,  the  conclusions  are  listed 
below  ; 

1“  the  radiance  measured  by  the  tIOAA-AVlIRR  sensor 
includes  a  very  strong  scan  angle  effect. 

2*  it  seems  feasible  to  remove  Uie  scan  angle  effect 
from  the  NOAA-AVHRR  data  in  visible  and  hear-IR 
channels  by  using  our  model. 

3*  NOAA-AVHRR  data  must  first  "be  subjected  to 
certain  gecmetric  correction  prior  to  the  above 
correction. 

4*  The  normalized  difference  vegetation  index  is 
often  utilized  to  minimize  the  influence  of 
atmospheric  conditions  that  may  vary  from  day  to  day 
or  over  longer  intervals.  But,  the  scan  angle  effect 
can  not  be  removed  by  this  usual  technique. 

5*  The  test  of  the  proposed  method  v/lll  be  taken 
into  account  later  on. 
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FIGURE  1.  Geometric  relation 
between  the  view  zenithal  angle 
8  and  the  scan  angle  i. 
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FIGURE  2.  Reflected  solar  radiance 
and  path  radiance  measured  by  a  scanner. 


FIGURE  4a.  Normalised  difference  vegetation 
index  between  the  channel  1  and  channel  2  of 
NOAA'AVHRR  data  taken  on  11/10/85. 


FIGURE  5a.  Normalised  difference  vegetation 
index  between  the  channel  1  and  channel  2  of 
NOAA-AVHRR  data  taken  on  13/10/85. 


FIGURE  3.  The  target  1  and  2  are 
identified  in  the  reflectance  factor. 
The  total  normal  optical  thickness  is 
estimated  from  the  values  of  Oi.  0*. 
DN.  DNo,.  DNoj. 


FIGURE  4b.  Normalised  difference  vegetation 
index  between  the  channel  I  and  channel  2  of 
NOAA-AVHRR  data  taken  on  11/10/85,  corrected 
using  equation  (7) . 


FIGURE  5b.  Normalised  difference  vegetation 
.ndex  between  the  channel  1  .and  channel  2  of 
NOAA-AVHRR  data  taken  on  13/10/85,  corrected 
using  equation  (7) . 
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ABSTRACT 

A  field  campaign  was  undertaken  In  the  summers  of  1987 
and  1988  in  order  to  provide  measurements  of  atmospheric 
parameters  which  could  subsequently  be  used  to  validate 
a  radiative  transfer  model  for  the  purposes  of 
atmospheric  correction  of  remotely  sensed  images.  The 
main  objective  was  the  validation  of  a  radiative 
transfer  model  through  the  measurement  of  the  model 
inputs  and  outputs.  The  details  of  the  field 
measurements  are  discussed  pointing  out  problem  areas 
in  the  determination  of  optical  depths  at  the  1% 
level. The  measurements  in  the  range  from  390nra  to  llOOnm 
were  made  with  a  spectroradiometer  having  a  spectral 
resolution  of  6nm.  The  full  spectral  nature  of  the 
optical  depth  data  reveals  the  difficulties  of  assessing 
a  true  "continuum"  level  for  the  determination  of  the 
aerosol  scattering  due  to  the  overlapping  of  the  gaseous 
absorption.  Also, the  behaviour  of  the  gaseous  absorption 
can  be  studied  and  correlated  with  sky  conditions  at  the 
time  of  the  observations.  The  determination  of  the 
Langley  plot  intercept  spectrum  has  been  made  to  an 
accuracy  of  about  0.5%,  reflecting  the  high  quality  of 
the  full  spectral  data. 

1.  INTRODUCTION 

The  demand  for  higher  accuracy  in  reflectance  retrievals 
from  remotely  sensed  data  in  the  contexts  of  forestry, 
bathymetry,  global  change  studies  and  sensor 
calibration,  among  others,  was  the  motivation  for 
undertaking  a  large  program  whose  main  objective  was  to 
provide  an  atmospheric  correction  capability  for  image 
production  and  analysis  systems  (both  research  and 
production  oriented)  to  an  accuracy  of  5%  or  better. 
While  this  order  of  accuracy  will  be  difficult  to 
achieve  in  practice,  it  is  realistic  to  consider  it  as 
a  target  in  order  that  the  difficulties  presented  by 
such  a  figure  can  be  studied  in  detail.  Correction  of 
remotely  sensed  data  for  the  effects  of  the  intervening 
atmosphere  has  two  aspects.  The  first  is  the  radiance 
contributed  to  the  scene  by  the  scattering  of  the 
downwelling  irradiance  by  the  atmospheric  constituents 
between  the  sensor  aperture  and  the  surface.  The  second 
is  the  attenuation  of  the  upwelling  surface  radiance  by 
the  atmospheric  constituents  between  the  surface  and  the 
sensor  aperture.  A  standard  technique  for  removing  the 
first  component,  the  path  radiance,  is  the  use  of 
reference  targets  in  the  scene.  Fo>'  a  target  of  known, 
reflectance,  the  path  radiance  contained  in  the  sensor' 
signal  can  be  easily  obtained  and  subtracted  from  the 
rest  of  the  data.  The  second  component,  the  atmosp.heric 


transmittance,  must  be  calculated  with  a  radiative 
transfer  model,  since  it  is  a  characteristic  of  the 
interaction  of  the  upwelling  scene  radiance  and  the 
intervening  atmosphere  which  can  not  be  directly 
measured.  The  path  radiance  as  obtained  from  a 
reference  target  in  an  image  can  serve  as  a  measure  of 
the  specific  atmospheric  conditions  pertaining  to  a 
particular  scene  for  which  a  radiative  transfer 
calculation  can  be  made  in  order  to  obtain  the 
transmittance.  The  present  work  focusses  on  the 
validation  of  a  radiative  transfer  model  for  performing 
this  calculation  for  data  obtained  from  both  satellite 
and  airborne  sensors. 

2.  THE  HEASURENENT  PROGRAM 

The  validation  of  radiative  transfer  models  involves 
measuring  both  the  inputs  and  outputs  (i.e,  the 
properties  of  the  atmosphere  and  ground  reference 
target)  for  a  variety  of  atmospheric  conditions  both 
outside  of  and  during  the  overpass  of  a  satellite  and/or 
airborne  sensor.  Using  measured  inputs,  various 
radiative  transfer  models  can  be  intercompared  as  to  how 
well  they  predict  the  measured  outputs.  The  model  which 
most  consistently  predicts  results  closest  to  the 
observations  is  then  chosen  and  can  be  Implemented  in 
image  production  and  analysis  systems  in  the  most 
efficient  manner.  The  measured  inputs  to  the  models 
included  the  optical  depth  of  the  various  atmospheric 
components  (gaseous,  aerosol,  molecular)  as  well  as  the 
reflectance  function  of  the  reference  ground  target. 
The  measured  outputs  included  the  global  and  sky 
downwelling  irradiance,  the  sky  radiance  at  various 
different  locations  and  the  path  radiance  over  the 
reference  target.  This  latter  quantity  was  measured 
from  both  an  airborne  platform  and  satellite  platforms. 
The  measurement  program  was  performed  near  Ottawa  at 
the  Gatineau  Satellite  Station  and  on  neighbouring  Grand 
Lake  in  1987  and  was  relocated  to  the  Baskatong 
Reservoir  (some  Z50km  north  of  Ottawa)  in  1988  since  the 
reservoir  offered  a  much  larger  surface  area  for  the 
airborne  work  (i.e.  free  of  surrounding  terrain 
effects).  The  measurement  program  included  observations 

atmospheric  corrections  for  off-nadir  viewing 
sensors  (e.g,  SPOT  HRV,  MEIS  II); 

extension  of  wavelength  range  for  atmospheric 
corrections  into  the  short  wave  Infrared  region 
(out  to  2.5p); 

.  inclusion  of  polarisation  effects  in  atmospheric 
corrections. 
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2.1  Radlonwtrv  of  the  Downwelling  Field 

The  total  atmospheric  optical  depth  was  measured 
using  the  Langley  plot  technique.  The  various 
sources  of  systematic  error  Inherent  In  this 
method  are  discussed  by  Reagan  et  a1.(1986).  The 
Instrumentation  used  consisted  of  a  LI-COR 
spectroradlometer  on  an  altazimuth  mount  operating 
over  the  spectra!  range  from  390nm  to  llOOnm  with 
a  resolution  of  6nm.  A  filter  wheel  radiometer 
operating  out  to  .T.S/i  was  mounted  with  the  LI-COR 
to  permit  discreet  bandpass  (20nm)  observations 
In  TM  short  wave  Infrared  bandpasses.  The  sensor 
apertures  were  bore-sighted  with  a  solar  viewing 
tube  to  ensure  that  the  solar  disc  was  centered 
on  the  sensor  apertures  during  the  observation. 
The  LI-COR  was  'ised  to  make  the  downwelling 
Irradlance  (total  and  sky)  and  sky  radiance 
measurements.  These  latter  quantities  were  not 
measured  with  the  filter  wheel  radiometer,  due  to 
an  unacceptably  low  signal-to-nolse  for  the 
observations.  The  global  downwelling  Irradlance 
was  measured  by  pointing  the  LI-COR  to  the  zenith 
a^d  taking  a  scan  of  the  light  Incident  on  a 
Ciffuser.  The  sky  Irradlance  was  measured  by 
shading  the  diffuser  and  taking  a  scan.  The  sky 
radiance  was  measured  over  a  grid  formed  by 
almucanters  ("‘enly  spaced  In  elevation  from  30 
degrees  above  the  horizon  to  the  zenith.  These 
'sky  maps'  were  made  with  and  without  polarlsers 
In  order  to  measure  the  state  of  polarisation  of 
the  Incident  radiation  field. 

The  Instrument  calibration  was  established  by 
extrapolating  the  Langley  plots  for  7  clear  half 
days  In  1987  and  13  clear  half  days  In  1988  to 
zero  air  mass  and  then  taking  the  average  of  these 
Independent  estimates  of  the  exo-atmospheric 
response.  The  standard  deviation  of  the  mean  was 
less  than  1%  over  the  range  from  390nm  to  llOOnm, 
and  less  than  0.5X  over  most  of  that  range  for 
both  observing  seasons.  Total  optical  depths  for 
each  Individual  observation  were  then  calculated 
from 


where 

6  Is  the  total  optical  depth, 

Q  Is  the  quantized  signal  level  at  each 
wavelength  for  each  observation, 

<Qa>  Is  the  mean  exo-atmospheric  signal  level, 

A  is  the  air  mass  for  the  observation. 

An  example  of  an  optical  depth  spectrum  can  be 
seen  In  Figure  1.  The  most  striking  features  are 
the  rapidly  Increasing  attenuation  towards  the 
blue  due  to  Rayleigh  scattering  and  the  strong 
attenuation  In  the  various  absorption  features, 
mostly  due  to  0^  and  HjO.  The  relatively  shallow, 
broad  0,  absorption  of  the  Chappuls  band  Is  not 
apparent  In  the  total  optical  depth  spectrum,but 
becomes  obvious  when  the  Rayleigh  component  Is 
subtracted  as  shown  In  Figure  2. 

The  Rayleigh  optical  depth  Is  supposed  to  be  a 
"well-known"  quantity  If  local  pre-ssure  and 
temperature  are  taken  into  consideration. 
However,  an  examination  of  the  literature 
Indicates  absolute  differences  of  up  to  4X  In 
published  computations,  tabulations  and 
parameterlsatlons  (Telllet,  private 
communication),  primarily  because  of  differences 
In  the  depolarisation  factor  and  atmospheric  index 
of  refraction  used  by  various  Investigators, 
Thus,  the  Rayleigh  correction  must  be  carefully 
Implemented  If  optical  depth  determinations  are 
to  be  made  at  the  O.SX  level.  The  Rayleigh 
subtracted  optical  depth  spectrum  reflects  the 
attenuation  characteristics  of  the  gaseous 
absorption  and  aerosol  absorption  and  scattering. 
The  aerosol  component  Is  the  roost  variable 


Figure  1: 

Total  optical  depth 
spectrum  exhibiting 
typical  Rayleigh 
behaviour  towards  the 
blue. 
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(spatially  and  temporally)  and  Is  subsequently  the 
most  crucial  component  In  the  determination  of 
the  composition  of  the  atmospheric  constituents 
for  the  purposes  of  doing  the  radiative  transfer 
calculation.  The  primary  Interaction  between  the 
aerosols  and  the  Irradlance  Is  scattering  and  so 
the  attenuation  Is  of  a  broad  spectral  nature. 
It  Is  usually  described  as  a  power-law  S  •  aX^. 
In  order  to  determine  the  coefficients  a  and 
It  Is  necessary  to  determine  points  In  the 
spectrum  which  are  produced  by  this  broadband 
aerosol  scattering,  so-called  "continuum"  points. 
The  primary  difficulty  in  doing  so  is  the  presence 
of  the  gaseous  absorption  features  which  overlay 
the  true  continuum  and  produce  a  false  or 
"pseudo-continuum".  It  is  important  to  be  able 
to  Identify  all  gaseous  absorption  features  so 
that  true  continuum  points  may  be  found.  The  full 
spectral  data  reveals  that  such  points  are  far 
fewer  than  has  been  assumed  from  filter  wheel  data 
since  the  gaseous  absorption  Is  so  dominant.  The 
regions  least  affected  by  absorption  must  be 
located  and  used  consistently.  The  fact  that  not 
all  the  absorbing  species  are  Identified  also 
makes  this  a  difficult  task, and  examination  of 
many  spectra  Is  necessary  to  determine  which  areas 
of  the  spectrum  seem  to  be  the  most  consistent. 
Once  these  points  are  located, the  aerosol 
"pseudo-continuum"  can  be  fit  to  the  power  law  and 
the  aerosol  optical  depth  determined.  At  this 
point, the  various  components  of  the  optical  depth 
are  determined  and  can  be  Input  Into  the  radiative 
transfer  models. 

2.2  Reference  Target  Reflectance 

The  reference  targets  used  for  our  model 
validation  experiments  are  bodies  of  water,  large 
enough  to  not  exhibit  shore  and  adjacency  effects 
and  deep  enough  so  that  the  bottom  does  not 
reflect  any  measurable  radiance  into  the  sensor 
aperture.  There  are  many  such  bodies  of  water  in 


the  Canadian  Shield.  A  set  of  measurements  of  the 
upwelling  radiance  from  the  surface  and  volume  of 
Grand  Lake,  some  25km  north  of  Ottawa  was  made. 
The  measurements  were  made  at -view  angles  ranging 
from  60  degrees  to  nadir  at  azimuth  increments 
(relative  to  the  sun)  of  45  degrees.  This 
measurement  set  permits  a  full  angular  character¬ 
isation  of  the  reflectance  of  the^water  surface, 
necessary  for  off-nadir  pointing  sensors.  Data 
were  acquired  on  four  different  days  throughout 
the  summer  observing  season  and,  on  one  day, 
measurement  sets  were  obtained  throughout  the  day 
to  Include  the  effect  of  changing  solar  illumi¬ 
nation  angle.  An  example  of  surface  and  volume 
reflectance  spectra  can  be  found  In  Figures  3  and 
4.  These  data  were  obtained  with  a  Spectron 
SE-590  portable  spectrograph.  Unfortunately,  the 
absence  of  a  spectral  order  separation  filter, 
which  allows  blue  light  from  the  first  order 
spectrum  to  fall  on  detectors  in  the  red  region 
of  the  zeroth  order  spectrum,  contaminates  the  red 
signal,  which  is  very  small  for  water,  and  pro¬ 
duces  an  erroneous  reflectance  spectrum.  Useable 
data  In  this  situation  are  limited  to  the  spectral 
Interval  between  400nm  and  SOOnm.  This  Is  not 
such  a  problem  as  the  reflectance  of  water  beyond 
SOOnm  Is  of  the  order  of  a  few  tenths  of  a 
percent.  Future  measurements  will  Include 
filters,  so  that  the  near  infrared  region  can  be 
accurately  determined  as  well  as  polarisers  so 
that  the  highly  polarising  nature  of  water  sur¬ 
faces  at  certain  angles  can  also  be  characterised. 


2.3  PATH  RADIANCE 

Path  radiances  over  the  measured  reference. targets 
were  obtained  from  SPOT  HRV  and  Landsat  TH  images, 
as  well  as  from  a  downward  looking  SE-590 
spectroradiometer  which  was  flown  in-a  Falcon  fan 
jet  at  several  different  altitudes.  A  measurement 
set  similar  to  the  water  reflectance  was  obtained 


Figure  2: 

Rayleigh  subtracted 
optical  depth  spectrum. 
Optical  depth  changes 
are  exhibited  by 
aerosols  and  molecules. 
Some  of  the  more 
prominent  molecular 
absorptions  "are 
identified.  The  large 
black  dots  represent 
typ.cal  pscudc' 
continuum"  points. 


Rertectonee  Relleclonce 
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with  the  SE-S90,  that  Is  at  view  angles  ranging 
from  60  degrees  through  nadir  at  relative  azimuth 
Increments  of  45  degrees.  This  data  set  will 
characterise  the  off -nadir  aspects  of  the  path 
radiance  for  validation  by  a  radiative  transfer 
code.  Also,  some  measurement  sets  were  made  In 
polarised  light, adding  this  characterisation  to 
the  model  validation.  This  work  Is  currently  In 
progress. 


GRAND  LAKE  REFLECTANCE 


Mgure  3: 


Surface  reflectance  of  Grand  Lake  (at 
nadir) .  The  water  contained  pigments  giving 
rise  to  the  familiar  "green  bump"  as  seen 
In  vegetation  spectra. 


GRAND  LAKE  REFLECTANCE 


3.  f-QHciupiNg  mm 

The  conduct  of  a  measurement  program  for  the  validation 
of  radiative  transfer  models  over  two  observing  seasons 
has  revealed  some  notable  points  of  Interest.  An 
Important  aspect  In  the  determination  of  optical  depths 
Is  the  determination  of  the  exo-atmospheric  Instrument 
response.  Unless  the  solar  observations  are  made  at  a 
site  which  Is  free  of  aerosols  (usually  high  altitude 
like  Hauna  Kea,  Hawaii),  several  days  of  observations 
must  be  made  In  relatively  aerosol  free  conditions  In 
order  to  obtain  an  accurate  calibration.  This  usually 
means  that  a  substantial  commitment  must  be  made  to 
obtain  observations  over  periods  of  several  months  at 
sites  of  low  elevation.  The  accuracy  of  the  optical 
depth  determinations  depends  not  only  on  the  care  with 
which  the  solar  radlometry  Is  made  but  also  on  the  care 
with  which  the  Rayleigh  optical  depths  are  computed  and 
the  "continuum"  points  are  chosen  for  the  calculation 
of  the  aerosol  optical  depths.  The  value  of  high 
spectral  resolution  optical  depth  data  has  been 
demonstrated  In  that  It  permits  the  careful 
Investigation  of  the  above-mentioned  problems,  as  well 
as  allowing  correlations  to  be  made  with  visual  sky  and 
meteorological  parameters  at  the  time  of  the 
observations,  work  which  Is  currently  In  progress. 
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Figure  4:  Volume  (subsurface)  reflectance  of  Grand 
Lake  (at  nadir)  which  Is  spectrally  similar 
to  the  surface  reflectance  but  significantly 
lower. 
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ABSTRACT 

About  400  CZCS  scenes  covering  the  Japan  area  in 
November  1978  -  May  1982  were  processed  to  study 
the  applicability  of  the  Gordon-Clark  atmospheric 
correction  scheme  which  produce  water  ieaving  rad¬ 
iances  Lw  at  443,  520  and  550  nm  as  weli  as  phyto¬ 
plankton  pigment  maps.  Typical  spring-fall  aero¬ 
sol  radiance  in  the  images  were  found  to  be  0.8  - 
1.5  juH/cd  •  nm  ■  sr,  which  is  about  50!li  more  than 
reported  for  the  U.S.  eastern  coastal  images.  The 
correction  for  about  half  the  data  resulted  in 
negative  Lw(443)  values,  implying  overestimation 
of  aerosol  effect  for  this  channel.  Several  pos¬ 
sible  reasons  for  this  are  considered,  including 
devi,'tion  of  aerosol  optical  thickness  ra  at  443 
nm  from  that  estimated  by  the  Angstrom's  exponen¬ 
tial  law  which  the  algorithm  assumes.  A  routine 
observation  of  solar  irradiance  was  conducted  on 
the  ground  during  late  spring  -  summer  in  the  year 
1988  to  observe  the  variability  in  aerosol  optical 
thickness  and  the  deviation  of  ra  from  the  Ang¬ 
strom’s  exponential  law.  The  analysis  shows  that, 
assuming  use  of  the  Gordon-Clark  algorithm,  and 
for  the  pigment  concentration  of  about  lA/g/l,  -40 
to  tlOOZ  error  in  satellite  estimates  is  expected 
commonly.  Although  this  does  not  fully  explain 
the  negative  Lw(443)  in  satellite  data,  it  seemes 
to  contribute  to  the  problem  significantly  toge¬ 
ther  with  other  error  sources  including  one  in  the 
sensor  calibration. 

1.  Introduction 

Nifflbus-7  Coastal  Zone  Color  Scanner  (CZCS)  is  a 
scanning  radiometer  which  views  ocean  at  4  visible 
wavelengths,  443,  520,  550  and  670  nm,  to  map  the 
oceanic  phytoplankvon  pigment  field.  NASA  has 
started  to  process  all  the  CZCS  data  to  produce 
global  pigment  maps  each  averaged  over  every  2 
weeks  during  the  CZCS  life  time  (1978  to  1986). 

The  Gordon-Clark  atmospheric  correction  scheme  was 
ads. t  tuu  their  standard  processing  procedure, 
which  assumes  that  the  total  radiance  Lt  at  wave¬ 
length  A  observed  by  the  satellite  sen.sor  is  de¬ 
composed  as 

Lt(A)  =  Lm(A)  +  La(A)  f  t(A)Lw(A),  (1) 

where  Lm  is  the  contribution  arising  from  aerosol 
scattering,  and  t(A)Lw(A)  is  the  water-leaving 
radiance  diffusely  transmitted  towards  the  satel¬ 


lite.  According  to  their  algorithm,  Lm  is  calcu¬ 
lated  based  cither  on  the  single  scattering  appro¬ 
ximation  (Gordon,  1983)  or  on  the  multiple  scat¬ 
tering  radiative  transfer  model  (Gordon,  1988) 
which  include  polarization  effect  but  not  interac¬ 
tion  with  aerosol  particles,  t  is  also  calculated 
assuming  no  aerosol  effect  including  absorption. 
The  process  of  atmospheric  correction  proceeds 
pixel  by  pixel  iri  the  following  manner.  First, 
given  Lt(670),  and  putting  Lw(670)  be  zero,  we  get 
La(670)  from  Eq.  1.  Then  assuming  that:La(A)  is 
proportional  to  the  product  ofra(A)  and 'the  ex¬ 
traterrestrial  solar  irradiance  Bo  (as  is  shown 
in  Eq.  (4)  later),  and  also  assuming  that  the  fol¬ 
lowing  Angstrom’s  exponential  law  holds, 

ra(A)  =  ra(670)  (  ~  "  (2) 

La  ( A )  at  A  ==  443,  520  and  550  nm  are  obtained. 
Here,  or  is  the  Angstrom  exponent  which  can  be  de¬ 
termined  for  each  CZCS  scene  by  the  ’’cleariwater 
radiance  concept'  (Gordon,  1988)  or  some  other 
procedure.  Knowing  La(A)  gives  Lw(A)  values 
whose  combination  in  turn  gives  the  pigment  con¬ 
centration  estimate  for  each  pixel. 

For  the  Japan  area,  CZCS  left  more  than  400 
scenes  of  worth  analyzing  with  low  enough  cloud 
coverage.  But  little  has  been  done  on  the  proces¬ 
sing  of  these  local  data  partly  because  of  lack 
of  the  confidence  on  the  processing  algorithms. 
Our  preliminary  analysis  shows  the  Gordon-Clark 
algorithm  sometimes  resulted  in  rather  unlikely 
pigment  maps. 

in  this  paper,  we  first  shows  results  of  atmo¬ 
spheric  corrections  conducted  over  CZCS  Japanese 
scenes.  Our  aim  is  to  check  the  soundness  of  the 
Gordon-Clark  algorithm  when  applied  to  the  area 
of  relatively  high  humidity  and  under  the  influ- 
'ence  of  terrigenous  aerosols  from  the  mainland 
China.  Secondly,  we  will  see  the  expected  error 
in  the  satellite  estimates  of  phytoplankton  pig¬ 
ment  concentration  based  on  the  variability  of 
aerosol  optica’  thickness  measured  routinely  from 
the  ground  in  1988. 

2.  CZCS  Data  Analysis 
2. 1  Data  Set 

Among  all  the  CZCS  data  that  cover  the  Japan 
area  (20  -  40‘  N,  120  -  160'  S)  during  the  period 


882 


fron  November  1979  through  May  1982>  total  of  410 
scenes  with  low  cloud  coverage  (1/4  or  more  cloud 

free  area  in  the  image)  were  chosen  and  subjected 
to  study.  Each  scene  was  then  atmosperical ly  cor¬ 
rected  using  the  Gordon-Clark  algorithm  (Gordon, 
1983  and  Gordon,  1988)  to  produce  Lw(443)  and  La 
(670)  images  as  well  as  a  pigment  map.  In  obtain¬ 
ing  Lw(443),  we  set  the  Angstrom  exponent  be  zero 
which  is  adopted  widely  in  CZCS  data  processing  as 
a  typical  value  for  marine  type  aerosol. 

2.2  Seasonal  Change  in  Aerosol  Scattnrance 

All  the  color-scaled  La(670)  images  were  scanned 
by  eye  inspection  and  categorized  into  3  groups  in 
terms  of  mean  La(670)  level:  (1)  mean  La  <  0.7 /^W/ 
cd  •  nm  •  sr  (clear  image),  (2)  mean  La  between  0.7 

1.0  (moderately  hazy)  and  (3)  maen  La  >  1.0  (very 
hazy).  Here,  the  averaging  was  done  by  human  eyes 
and  probably  has  some  ±0.1  uncertainty.  Fig.  1 
shows  the  ratio  of  moderately/very  hazy  scenes 
against  total  for  each  season  during  the  period. 
In  the  figure  the  seasons  are  abbreviated  ;  *S* 
for  spring  (March  -  May)  and  for  summer  (June  - 
August),  ”F’  for  fall  (September  -  November),  and 
"H”  for  winter  (December  -  February).  As  it  shows 
Japanese  spring-summer  CZCS  scenes  have  relative¬ 
ly  high  La (670)  level  compared  to  those  in  the 
eastern  U.S.  coastal  area  where  typical  La(670) 
values  of  0.5  -  1.0  juW/cd  •  nm  •  sr  are  reported 
(Gordon,  1987).  This  may  impiy  some  difficulty  in 
applying  the  Gordon-Clark  atmospheric  correction 
which  assume  separability  of  the  Rayleigh  and  ae¬ 
rosol  components. 

2.3  Overcorrection  of  the  Atmospheric  Effect 

Atmospheric  correction  for  some  scenes  resulted 
in  areas  with  negative  water  leaving  radiance  at 
443  (Lw(443))  due  to  overcorrection  of  aerosol 
scatterance.  Subjective  categorization  of  the 
scenes  similar  to  that  for  La(670)  (Fig.  1)  was 
conducted  with  respect  to  the  extent  of  the  nega¬ 
tive  Lw(443)  area.  The  categories  are:  (1)  scenes 
where  negative  Lw(443)  values  are  found,  (2) 
scenes  with  more  than  half  the  cloud-free  area 
covered  with  negative  Lw(443),  and  (3)  the  rest. 
Those  scenes  covered  widely  with  negative  LwU43) 
are  typically  accompanied  by  severe  discontinuity 
in  pigment  map,  or  artificial  chlorop.iyll  front  in 
the  image.  Fig.  2  shows  the  result  in  the  same 
way  as  in  Fig.l.  This  negative  Lw  is  considered 
to  be  caused  by  some  non-oceanic  aerosols  since, 
judged  from  Lw(550)  values,  more  likely  Angstrom 
exponent  for  these  scenes  seemes  to  have  a  higher 
value  than  the  assumed  (zero),  indicating  presence 
of  some  terrigenous  aerosol.  (If  we  were  to  take 
higher  value  as  the  exponent,  more  severe  negative 
Lw(443)  would  result  in.)  The  sensor  degradation 
/calibration  problem  is  also  suspected  since  the 
figure  shows  rather  weak  correlation  of  the  noga- 
tiveness  with  the  La(670)  variability  shown  in 
Fig.  1. 

3.  Variability  of  Aerosol  Optical  Thickness  and 
its  Implication  on  Satellite  Estimates  of  Pig¬ 
ment  Concentration 

3.1  Ground-based  Aerosol  Optical  Thickness  Mesure- 
ment 

h'c  mesured  aerosol  opticat  thickness  through 
spring-winter  in  1988  at  Shimizu,  a  Japanese  city 
located  on  the  Pacific  coast  of  the  central  Japan. 


The  direct  solar  irradiance  was  measured  at  13 
wavelengths  in  410  ~867  nm  region  by  the  Gershun 
tube  method  based  on  the  WMO  recommendation.  Ae¬ 
rosol  optical  thickness  ra(4)  for  each  wave¬ 
length  4  was  calculated  by  the  Lambert-Bouguer 
law, 

Ed  =  E  0  exp(  -  (  r  M  +  T  oz  +  r  a) /cos  0),  (3) 

whore  Eo  is  the  extraterestrial  solar  irradiance, 
Ed  is  the  measured  direct  solar  irradiance  on  the 
ground,  rm  is  the  Rayleigh  (or  molecular)  optical 
thickness,  r oz  is  ozone  optical  thickness,  and 
0  is  the  solar  zenith  angle.  The  values  Eo  (  4 
)  were  derived  from  Neckel  and  Labs (1981)  whereas 
rm  and  r  oz  were  obtaind  from  LOHTRAN  6  code. 

3.2  Deviation  of  measured  ra(440)  from  the  Anx- 
Strom’s  TTw 

Fig. 3  shows  plots  of  the  mesured  aerosol  optical 
thicknesses  at  440nm  through  the  observation  peri¬ 
od.  The  data  sparsity  in  summer  is  due  to  the  ano¬ 
malous  cloudy/rainy  weathers  we  had  in  the  year. 

As  the  figure  shows,  ra  value  is  generally  high  in 
spring-summer  and  is  low  in  winter  with  much  vari¬ 
ability  in  fall. 

Two  examples  of  ra(4)  plots  as  a  function  of 
wavelength  are  shown  in  Pig. 4.  The  solid  lines 
give  the  least  square  error  on  the  measured  values 
at  515,  660,  770  and  867nm.  Although  the  regres¬ 
sion  caa  be  regarded  as  a  good  approximation  to 
the  Augstrom’s  exponential  law,  there  usualy  is 
slight  deviation  of  measured  ra(440)  from  the 
value  estimated  by  the  least  square  error  line,  or 
the  Angstrom’s  law.  As  shown  in  Pig. 5,  the  devi¬ 
ation  does  not  correlate  with  the  magnitude  of 
measured  va(440)  with  the  standard  deviation  of 
0.03. 


3.3  Errors  in  Satellite  Estimates  of  Pigment  Con¬ 
centration  due  to  the  deviation  of  Aerosol  Op¬ 
tical  Thickness  at  440nm 

Assuming  a  “Bio-Optical”  algorithm  and  an  aero¬ 
sol  scattering  phase  function,  we  can  calculate 
the  expected  estimation  error  in  satellite-derived 
pigment  concentration  based  on  the  Gordon-Clark 
atmospheric  correction  scheme.  First,  we  adopt  a 
two-term  Henyey  Greenstein  function  as  an  aerosol 
phase  function  Pa  in  the  following  equation. 

La(4)  =  En  (  4)  0)3(4)  Ta(4)Pa(y)  ,4, 
cos  0 

Here,  Eo  is  the  extraterrestrial  solor  irradiance 
reduced  by  two  trips  through  the  ozone  layer,  o>a 
is  scattering  albedo  of  aerosol  particle(we  assume 
o>a  is  uni  tv),  'P  is  aerosol  scattering  angle, 
and  0  is  the  solar  zenith  angle. 

The  equation  provides  the  value  of  La(440)  for  a 
given  Ta  value,  thus  giving  ALa(440),  a  simula¬ 
ted  error  in  satellite  estimate  of  the  La  due  to 
the  Angstrom’s  law.  From  Eq.  (1),  ALw(440)  is 

given  by  the  relation,  ' 

ALw(440)  »  A  La  (440)  /  t(440).  (5) 

We  can  also  calculate  a  nominal  value  of  Lw(440) 
for  a  given  pigment  concentration  C  assuming  a 
“Bio-optical”  algorithm  (Gordon, 1983) , 

on  the  assumption  that  Lw(550)  is  known  and  calcu¬ 
lated  by 
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Lh(550)  =  nLw(55G'  exp(-(r«/2  +  roz)/cos  d) 

•  cos  d  (7) 

where  nLw(550)  is  ’‘normal  1  ized  water  leaving  radi¬ 
ance*  at  550  nm  and  is  constant,  0.3m/iW/cal  ■  nm  * 
sr.  Combining  (5)  and  (6)  proviaes  a  final  pig¬ 
ment  setimation  error 

AC  .  (7) 

where  C’  is  derived  from  the  biased  Lw(440). 

Pig. 6  shows  the  final  rsult  of  error  analysis 
for  4  assumed  pigment  concentration  levels.  Re¬ 
calling  that  the  standard  deviation  of  ra(440) 
in  our  observation  was  about  0.03,  the  figure  im¬ 
plies  t20X  (at  C=0.2/<g/l)  to  +150  %  (at  C=1.5j«g/ 
1  )  error  in  C  will  be  fairly  common. 

4.  Conclusion 

The  atmospheric  correction  for  the  CZCS  Japan 
scenes  produces  rather  unlikely  Lw(443)  values  for 
several  possible  reasons  :  (I)  dense  aerosol  con¬ 
centration,  (2)  influence  of  terrigenous  aerosols 
as  reported  recently  (Iwasaka,  1988),  and  (3) 
sensor  calibration  error.  The  first  two  aspects 
will  be  observed  through  the  spectral  behavior  of 
aerosol 'optical  thickness,  or  the  deviation  ofra 
(443)  from  the  Angstrom’s  exponential  law.  Our 
analysis  on  the  variability  of  measured  Ta(443) 
showed  that  the  law  occasionally  reduces  i.w(443) 
to  result  in  as  much  as  +150)!  error  in  satellite 
estimate  of  phytoplankton  pigment.  Although  this 
does  not  fully  explain  the  anomalous  Lw(443)  val¬ 
ues  in  the  satellite  data,  the  authors  consider 
that  this  contributes  significantly  to  the  problem 
together  with  other  error  sources  including  one  in 
the  sensor  calibration. 

The  results  of  our  study  suggest  modification  of 


the  atmospheric  correction  algorithm  to  include 
the  interaction  in  aerosol-molecule  multiple  scat¬ 
tering  as  well  as  a  new  scheme  estimating  r;a(440) 
independently  of  the  Angstrom's  law. 

The  image  analysis  in  this  study  was  done  on  the 
University  of  California  Narine  Bio-Optics  (UGHBO) 
image  processing  system  at  the  University  of  Cali¬ 
fornia,  Santa  Barbara  under  the  supportof  the 
National  Aeronautics  and  Space  Administration 
NASA)  Grant  No.  NAGH-2S0-3. 
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Fig.l  Seasonal  change  in  the  ratio  of  high  aero¬ 
sol  scenes  in  the  Japanese  CZCS  data  set. 
Total  height  of  e.-!ch  bar  represents  those 
scenes  with  rough  averaged  La (670)  more 
than  0.7  /i  W/al  •  nm  •  sr  whereas  hatched 
section  corresponds  to  the  scenes  with 
average  La  (670)  over  1.0  //H/al  •  nm  •  sr. 
The  numbers  shown  indicate  total  number 
of  analyzed  scenes  for  each  season. 


Fig.  2  Seasonal  change  in  the  ratio  of  CZCS 
scenes  that  result  in  negative  channel  1 
value  after  atmospheric  correction. 
Hatched  bar  corresponds  to  the  scenes  that 
are  widely  (more  than  half  the  cloud-free 
area)  covered  with  negative,  Lw(443). 
Total  height  of  bar  corresponds -to  those 
scenes  that  have  negative  LwC443).  The 
numbers  shown  indicate  total  number  of 
analyzed  scenes  for  each  season. 
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Fie.  3  'lixUlil'  ''l)aiiR6  in  Measiirfil  aoroso! 
onlical  thickness  at  'I40niii. 


Vavelengkli  (x'lOOno) 


Fig.  4  (a)  L*\an|ile$  of  ■'leasured  Aerosol  Optical 
Thicknesses.  Sol  id  line  sho»s  regresion 
on  the  neasiiremets  at.  515.GG0.770  and 
8G7niii  (  •  ). 


UavelengM)  (XlOOnin) 

Fig.  4  (b)  examples  of  •'leasiired  ierosol  Upkical 
Thicknesses.  Sol  id  line  shoes  rc,»resion 
on  the  ineasnreinets  at  3I5.GG0.770  and 
GGTnni  (  •  >. 
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Estimation  Error  in  ierosol  opf.ical 
Thickness  (  4  tj  ) 


Fig.  5  jiifference  hetveen  measured  and  estimated 
aerosol  optical  thicknesses  at  440nra. 

Eslimalion  vas  made  tia  the  Angstrom's 
evponential  lai.. 


A  ra(440) 

Fig.  6  Estimation  error  in  Chiorophyil  concentra¬ 
tion  due  to  errornous  aerosol  optical 
thickness  values  at  440  nm. 
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Abstract 

This  research  explores  the  topographic  distribution  of  cicar-sky 
incoming  solar  radiation  over  varying  terrain.  Using  a  two-stream 
atmospheric  radiation  modci  and  digital  elevation  modcis  (DEM)  of 
several  diflerent  physiographic  regions,  we  simulate  clear-sky  radiation 
at  IS  times  throughout  the  day  for  three  dates,  December  IS,  Match  IS 
and  June  IS.  Gcostatistical  anaiysis  is  used  to  characterize  the  spatio- 
temporal  variability  in  modcied  radiation  over  each  terrain  grid.  This 
analysis  reveals  that,  for  any  particular  elevation  model  and  set  of 
amiospheric  conditions,  the  variance  and  spatial  autocorrelation  of  the 
data  depend  on  sun  angle  and  on  probability  density  functions  of  siope. 
By  considering  the  behavior  of  the  radiation  mean  and  variance  as  a 
function  of  sun  angie  and  slope,  we  derive  predictive  equations  for 
these  statistics.  Mean  itiadiance  is  a  function  of  siope  distribution,  but 
can  be  approximated  as  function  of  mean  sIope_oniy.  The  variance  in 
irradiance  is  approximately  proportional  to  sin^S,  where  S  is  the  mean 
slope  across  the  region.  In  addition,  there  is  one  particular  soiar  zenith 
angie  at  which  variance  is  maximized,  and  this  is  the  same  for  all 
landscapes.  This  angle  is  a  function  of  optical  depth  only  and 
independent  of  any  patticuiar  terrain  considerations. 

INTRODUCTION 

This  research  expiores  the  topographic  distribution  of  soiar 
radiation  over  varying  iandscapes.  Topographicaliy  induced  radiation 
variation  affects  many  physical  processes  —  examples  arc  biomass 
distribution,  evapotranspiration,  snow  accumuiation  and  runoff  —  yet 
its  spatial  variability  through  time  at  regionai  ieveis  is  poorly 
understood.  Solar  radiation  is  also  a  key  parameter  in  regional  and 
global  climate  modcis,  which  increasingly  use  satellite  based 
observations  of  radiation  as  inputs.  Characterization  of  local  spatio- 
temporal  variation  in  radiation  is  fundamental  to  understanding  these 
remotely  sensed  data,  because  variation  exists  at  scales  above  and 
below  sensor  scales. 

Our  first  objective  is  to  model  didly  and  seasonal  variation  in 
lustaitiurrcous  incoming  solar  radiaucn,  ever  wavelengths  frem  0.ZS  to 
2.8  pm,  using  digital  elevation  data  for  each  terrain.  Wc  then 
characterize  the  spatio-temporal  variability  of  this  radiation  through 
gcostatistical  analysis.  Finally,  since  radiation  modeling  is  an 
expensive  process,  wc  compare  tlic  radiation  regimes  of  different 
terrains  by  relating  radiation  variability,  specifically  the  mean,  variance 
and  spatial  auto-correlation,  to  topographic  variability  within  each 
terrain.  By  doing  so,  we  hope  to  find  a  re.  mod  of  estimating  radiation 
variability  solely  through  terrain  considerations. 


Background 

Seasonal  and  latitudinal  variations  in  incoming  radiadon  are  well 
described,  but  only  a  few  invesdgators  have  analyzed  topographically 
induced  variability  in  daily  and  seasonal  radiadon  patterns  across  a 
region  (e.g.  Williams  et  al.,  1972;  Holland  and  Stcyn,  1975;  Dozier  and 
Outcalt,  1979;  Gates,  1980;  Dozier,  1980;  Kirkpatrick  and  Nunez, 
1980;  Davis,  et  al„  1988).  We  have  previously  examined  topographic 
variadon  across  the  Konza  Prairie,  Kansas  using  DEM's  of  differing 
resoludon  as  part  of  the  Frrst  ISLSCP  Frcld  Experiment  (FIFE)  (Davis, 
et  al,  1988;  Dubayah,  et  al,  1989).  Fbr  the  Konza  we  found  that  the 
variance  and  spatial  autocorrelation  in  clear-sky  radiadon  depended  on 
the  resolution  of  the  digital  clevadon  grid  and  on  sun  wgie.  As  grid 
resolution  increased,  variance  increased  and  spatial  autocorrelation 
decreased,  rcflecdng  a  change  in  slope  disttibudon.  The 
autocorrelation  also  increased  slighdy  with  small  and  large  zenith  sun 
angle.  This  work  led  us  to  explore  terrain  variabilify  in  the  more 
general  framework  provided  here. 

In  the  solar  spectrum,  slopes  are  irradiated  from  three  sou^s; 
(1)  F,,  direct  irradiance  from  the  sun;  (2)  Fj,  diffuse  irradiance  from  the 
sky,  where  a  portion  of  the  overlying  hemispherc-is  pbscured^by 
terrain;  and  (3)  Ft,  direct  and  diffuse  irradiance  rcflected-from  nearby 
terrain.  The  necessary  calculations  for  obtaining  these  threciquantides 
within  the  context  of  a  two-stream  atmosptieric-.radiadon  model  are 
given  by  Dozier  (1988).  The  direct  flux  on  a  slope  is 

F,  =  Soe-^'”’®»cos(i)  (1) 

where  So  is  the  exoaunosphcric  inadiance  and  To  is  the  optical  depth. 
The  cosine  of  the  illumination  angle  is  given  by: 

cos(i) = COS0O  cosS + sinBo  sinS  cos($o  “  A) 

where  4>o  and  Bo  ate  the  solar  azimuth  and  zenith  angics,  and  S  and  A 
are  the  siope  and  azimuth  of  the  slope. 

Most  of  the  variability  in  incoming  cicar-sky  radiatioh'is  within  the 
direct  flux  term  and  several  useful  results  can  be  derived  from  it  The 
mean  direct  flux  over  the  iandscape  is  given  by  integrating  over  all 
slopes  using  independent  probability  density  functions  for  slo^  arid 
aspect,  <I>(S)  and  <I>(A),  of  the  particular  tetrain; 

It  Jt/2 

F=  Soc‘^'“*®'’  J  <I>(A)  J  (l)(S)cos(i)dSdA  (2) 

-It  0 

If  the  distribution  of  aspects  is  uniform,  then  (I>(A)=  l^n  wd  the  mean 
flux  is 
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n/2 

F  =  Soc‘^''“®'>  COS0O  J  <I>(S)cosS  dS  (3) 

0 

In  the  discrete  case  of  calculating  the  mean  over  a  digital  elevation 
grid,  we  sum  over  all  slopes  using  the  slope  frequency  distribution. 

We  similarly  fomi  an  equation  for  the  direct  flux  variance  as 

mz 


J  <I>(A)  J  <b(S)(Fs-F)2dSdA 

-It  0 


(4) 


Let  us  reconsider  the  equations  for  mean  and  variance  assuming  a 
unifonn  distribution  for  aspect  and  a  constant  mean  slope,  S.  The 
direct  mean  flux  is 

F = Soe'^''“®“  COS0O  cosS  (5) 

and  the  variance  over  a  landscape  with  these  properties  is: 

J (Fs-F)2dA  =  7 So2c'^^''“®“sin2Ssin20o  (6) 

2)t.„  2 

Using  Equations  3  and  5  we  can  compare  the  effects  of  slope 
distribution  and  average  slope  on  radiation  variability  between 
landscapes.  Again,  our  assumption  here  is  that  for  cicar-sky 
conditions,  even  in  areas  of  high-telicf,  most  of  the  spatial  and 
temporal  variability  in  total  incoming  radiauon  will  be  related  to  the 
direct  flux.  Except  for  local  horizen  effects  and  changes  in  optical 
depth  due  to  elevation,  the  diffuse  radiation  between  landscapes  is 
similar,  because  we  use  the  same  atmospheric  parameters  throughout 
the  modeling  process. 

Equation  6  shows  that  under  our  simplifying  terrain  assumptions, 
radiation  variance  is  proportional  to  the  average  slope.  Under  identical 
atmospheric  conditions,  the  relative  variability  between  two 
landscapes  is  proponional  to  the  ratio  of  their  slopes,  i.e.: 


var(Fi)= 


sin^Si 

sin^Si 


varfFa) 


(7) 


where  Ft  and  F2  is  the  flux  on  each  landscape  with  mean  slopes  of  Si 
and  S2,  respectively. 

We  also  note  that  the  solar  angle  at  which  maximum  variance 
occurs  across  a  landscape  is  obtained  by  taking  the  derivative  of 
Equation  6  with  respect  to  solar  zenith  angle  and  setting  the  result 
equal  to  0.  This  leads  to  a  unique  maximum  at  a  value  of  60  such  that 


cos®  00 
sin®0o 


-To  =  0 


(8) 


In  summary,  under  an  assumption  of  uniform  aspect,  the  mean  and 
variance  depend  on  tltc  slope  probability  distribution  function  of  the 
particular  terrain.  If  we  further  generalize  to  a  constant  sloire 
distribution,  the  magnitude  of  the  variance  depends  on  the  average 
slope,  but  the  sun  a'.ple  at  which  the  maximum  variance  occurs  is 
independent  of  slops,,  being  completely  determined  by  the  optical 
depth.  For  any  given  optical  depth  there  is  a  solar  zenith  angle  at 
whieh  variance  is  maximized. 

METHODOLOGY 

In  order  to  test  the  validity  of  the  relationships  derived  above  on 
varying  terrain,  we  obtained  digital  elevation  models  (OEM’s)  of  four 
different  landscapes  at  30  m  resolution  corresponding  to  U.S.G.S. 
1:24,000  quadrangles.  These  were:  Swede  Creek,  Kansas,  a  low 
prairie  landscape;  La  Honda,  California,  from  the  northern  coast  range 
province;  Los  Machos,  California,  from  the  southern  transverse  range; 
and.  Ml  Tom,  California,  a  glacial  landscape  from  the  Sierra  Nevada. 


The  mean  slope  and  relative  relief  of  eaeh  DEM  are  listed  in  Table  1. 
Slope  histograms  are  shown  in  Figure  1. 

TABLE  1.  Digital  elevation  data. 


DEM 

TVpe 

Relief  (m) 

S(‘) 

Swede  Creek 

prairie 

144 

5.5 

La  Honda 

coast  range 

620 

16.3 

Los  Machos 

transverse  range 

600 

17.2 

ML  Tom 

alpine 

1550 

24.6 

Both  the  Ml  Tam  and  Los  Machos  data  are  the  standard  DEM  product 
from  the  U.S.O.S.  The  ML  Tom  DEM  suffers  from  systematic  noise 
resulting  from  the  digitization  process.  The  La  Honda  and  Swede 
Creek  models  are  dervied  from  direct  digitization  of  contour  lines  from 
topographic  maps.  From  each  DEM  we  use  a  representative  10  km  x 
10  km  region. 

We  simulated  clear-sky  solar  radiation  (0.28-2.8|im)  for 
December  IS,  March  IS  and  June  IS  over  each  terrain  using  a  two- 
stream  atmospheric  radiation  model  with  an  optical  depth  of  0.2,  a 
substrate  reflectance  of  0.3,  a  single-scattering  albedo  of  0.8S,  and  a 
scattering  asymmetry  parameter  of  0.S2.  Model  parameters  were  held 
constant  for  all  landscapes  at  all  times.  On  each  date,  IS  times, 
corresponding  to  the  intervals  for  Kronrod  quadrature  between  sunrise 
and  sunset,  were  picked  and  the  radiation  over  each  of  the  terrains 
calculated,  lb  characterize  the  spatio-temporal  variability  on  each 
day,  we  calculated  time-dependent  semi-variograms  using  4,000,000 
randomly  chosen  pairs  of  points. 

RESULTS 

Table  2  gives  a  partial  listing  of  irradiance  means  and  variances 
before  noon,  sorted  by  solar  zenith  angle,  for  all  three  dates.  Afternoon 
values  are  symmetric  and  azimuthal  el^ts  are  small  for  these 
particular  landscapes,  although  this  is  not  tnie  for  landscapes  in 
general. 

TABLE  Z.  Radiation  statisUcs. 


Oo 

(*!> 

_ 

F 

(Wm**) 

vv 

F 

(Wm-») 

var 

(Wm-')» 

F 

v« 

OVm’V 

F 

(Wm-*) 

vir 

(Wm-»)* 

87 

23 

1 

21 

6 

21 

6 

22 

119 

83 

81 

356 

75 

1250 

80 

1599 

92 

8020 

80 

138 

1116 

136 

5132 

128 

5759 

130 

16164 

78 

189 

1930 

178 

9114 

188 

10518 

198 

31516 

72 

318 

3047 

313 

20496 

301 

23406 

272 

50520 

69 

366 

3462 

353 

21866 

340 

25426 

323 

61980 

66 

452 

3585 

448 

26088 

443 

29430 

387 

64540 

61 

532 

4451 

504 

28733 

522 

32250 

527 

84994 

5$ 

630 

3928 

613 

21151 

599 

31072 

559 

82970 

51 

739 

4315 

708 

29207 

725 

29844 

710 

83103 

42 

888 

3463 

858 

26384 

871 

23688 

835 

66966 

38 

944 

2629 

918 

24380 

924 

20781 

870 

56973 

23 

1082 

1421 

1037 

16343 

1052 

10314 

1030 

29148 

13 

1155 

883 

1114 

12080 

1122 

4398 

1080 

16398 

Rg.  2  shows  time-dependent  semi-variograms  for  June  15.  The 
distance  at  which  the  semi-variance  reaches  its  maximum  or  sill  value 
on  these  plots  is  the  range  to  which  the  data  arc  spatially 
autocorrelated.  The  data  show  clear  peaks  in  variance  at  mid-moming 
at  the  same  time  of  day  (solar  azimuth)  on  each  terrain,  with  strong 
decreases  during  high  and  low  sun  zenith  angles.  The  range  on  all 
terrains  increases  with  small/Iarge  zenith  sun  miglcs.  This  is  expected 

since  at  high  zenith  angles  Lhe  direct  component  is  srnall  compared  to 
the  diffuse  and  difiusc  radiation  is  isotropic  in  the  two-stream  model, 
leading  to  uniform  illumination  conditions.  At  low  zenith  angles,  the 
differences  in  iilumination  due  to  topography  also  become  less 
important  leading  to  mote  unifonn  iUummation  arid  data  which  is 
correlated  to  longer  distances.  The  average  range  for  each  tenain  over 
all  times  is  given  in  Table  3  along  with  semiw^ogram  ranges  for 
slope  and  aspect.  Ranges  were  calculated  assuming  an  exponential 
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variogtam  model  calculating  a  least-squares  flt  of  the  data  to  the 
model. 


TABLE  3.  Scmi-variogram  ranges 


DEM 

F 

range  (m) 

Slope 
range  (m) 

Aspect 
range  (m) 

Swede  Creek 

231  ±28 

275 

233 

La  Honda 

425  ±35 

363 

416 

Los  Machos 

367  ±69 

321 

321 

ML  Tom 

1202  ±200 

904 

1073 

DISCUSSION 

Mean  Radiation 

We  can  use  Equations  3  and  5  to  examine  how  slope  aCfects  mean 
radiation  over  a  region.  Again  assuming  that  the  diRiise  term  will  be 
relatively  constant,  Equation  3  predicts  that  the  relationship  between 
topographically  modulated  direct  flux  and  the  direct  flux  on  a  flat 
surface  will  be 

Fs=Fii,,  j<I>(S)cosSdS  (9) 

0 


Therefore  the  slope  of  a  regression  line  between  the  flat  flux  and  the 
flux  over  the  terrain  should  be  the  integral  in  Equation  9.  If  we  assume 
constant  terrain  slopes,  the  regression  slope  is  simply  cosS.  Fig  3 
shows  plots  of  the  diflcrcnce  between  the  mean  irradiance  over  a 
terrain  (as  calculated  using  the  two-stream  model  and  DEM  data)  and 


the  iiradiance  on  a  flat  surface  at  the  same  sun  position  and 
atmospheric  conditions.  The  relationships  predicted  using  the' mean 
terrain  slope,  S,  the  actual  slope  frequency  distributions,  and  the 
regression  line  slope  of  the  actual  data  are  summarized  in  Tlible  4. 

TABLE  4.  Regression  slopes  for  terridn  irradiance  vs.  irradiance  on 
flat  surface. 


slope 

Swede 

La  Honda 

Los  Machos 

ML  Tom 

data 

0.99 

0.96 

0.97 

0.91 

cosS 

0.99 

0.96 

0.96 

0.90 

JiI>{S)cos(S) 

0.99 

0.95 

0.95 

0.88 

Note  that  for  a  region  with  high  average  slopes,  such  as  Ml  Ibm,  there 
is  a  10%  dICforence  between  the  mean  ealculated  over  all  slopes  and 
that  measured  on  a  flat  surface,  say  using  a  level  pyranometer. 

Radiation  Variance 

From  Equation  8  we  predict  that  the  variance  in  irradiance  should 
be  maximized  at  a  solar  zenith  angle  of  58°  for  a  optical  depth  of 
to =0.2,  and  that  this  angle  should  be  same  for  all  terrains.  Rgure  4 
shows  that  this  is  indeed  inie.  The  patterns  of  variance  as  a  function  of 
zenith  angle  follow  Equation  6,  which  uses  only  the  metui  slope, 
closely,  and  all  landscapes  show  maximums  near  58°. 

We  also  predicted  that  the  variaiices  should  be  proportional  to  the 
ratio  of  the  mean  slopes  between  landscapes.  For  example,  the  S- 
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Creek  radiation  variant*  should  be  0.053  of  the  Ml  Tom  variance 
from: 

sin^Stwcda  .sin^f5.5°)  q  q.  j 

sin^Stom  sin^Cad-d*) 

Table  5  gives  predicted  and  actual  variance  factois  for  all  terrain 
comparisons.  The  actual  factors  were  obtained  by  regressing  the 
radiation  data  between  any  two  terrains.  These  relationships  were 
always  linear  with  an  r^  of  over  0.97  significant  at  the  0.01  level. 

TABLE  5.  Predicted  and  .nctual  variance  factors. 


ML  Tom  Los  Machos  La  Honda 

DEM  b  b  b  b  b  b 


Swede 

0.05 

0.05 

0.1 1 

0.13  0.12  0.13 

La  Honda 

0.46 

0.37 

0.90 

0.91 

Los  Machos 

0.51 

0.40 

It  appears  we  can  approximately  compare  radiation  variance  among 
terrains  by  comparing  their  average  siopes.  terrains.  We  qualify  this 
result,  however,  since  for  many  terrains,  the  concept  of  a  mean  slope  is 
vague,  if  not  meaningless.  I^r  example,  if  the  terrain  covers  many 
geomorphic  types,  if  the  model  scale  is  quite  small,  or  if  the  slope 
distribution  is  highly  skewed,  then  the  physical  significance  of  an 
average  slope  is  unclear.  Also,  if  slopes  arc  preferentially  oriented, 
then  the  aspect  distribution  will  significantly  effect  the  mean  and 
variance  values,  and  convolve  the  relationship  with  mean  slope. 
Nonetheless,  within  the  limitations  of  the  specific  terrains  and 
modeling  scales  chosen  here,  (i.e.  30  m  to  10  km),  radiation  variability 
is  clearly  related  to  the  average  slope  of  these  landscapes. 

If  the  average  slope  controls  the  magnitude  of  the  variation,  what 
controls  its  spatial  autcco.Tclation?  This  must  be  detennined  by  Uie 
autocorrelation  function  of  tlie  cosine  of  the  iilumination  angle,  cos(i), 
which  in  turn  is  a  function  of  sun  angle  and  the  autocorrelation 
functions  of  slope  and  aspect.  Table  5  suggests  that  cither  the  slope  or 
aspect  range  is  a  good  indication  of  the  approximate  autocorrelation  to 
be  expected  in  the  radiation  data.  The  overall  exponential  increase  in 
radiation  variance  follows  closely  that  of  aspect,  and  to  a  lesser  degree, 
slope. 


CONCLUSION 


We  have  modeled  the  topographic  distribution  of  dear-sky 
incoming  solar  radiation  using  a  two-stream  aunospheric  radiation 
model  and  digital  elevation  data  for  four  different  regions. 
Geostatistical  analysis  was  used  to  characterize  the  spatio-temporal 
variability  in  modeled  radiation  over  each  terrain  grid  and  revealed 
similar  patterns  in  variance  across  each.  Fbr  given  sun  angles  and 
atmospherie  conditions,  the  radiation  means  and  variances  were  shown 
to  be  related  to  the  probability  density  functions  of  terrain  slope,  and 
could  be  approximated  by  the  mean  terrain  slopes.  The  relative  means 
and  variances  among  terrains  could  then  be  compared  by  considering 
linear  functions  of  mean  slopes.  Finally,  the  spatial  autocorrelation  in 
radiation  data  is  closely  connected  with  the  autocorrelation  in  slope 
and  aspect. 
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ABSTRACT 

Atmospheric  parameters  were  evaluated  from  the 
measurement  of  the  upward  surface  radiance  and  the 
downward  solar  radiance  above  the  surface  in  water 
area.  The  atmospheric  transmittance  and  the  path 
radiance  were  estimated  by  regression  analysis 
between  a  set  of  radiance  data  which  are  the  radiance 
detected  by  a  remote  sensor  and  the  upward 
radiance  simultaneously  measured  at  the  surface. 
Also  the  transmittance  was  estimated  from  the  direct 
solar  beam  radiance  measured  at  the  surface  by 
asuming  the  extraterrestrial  solar  radiance. 

Key  words:  atmospherlo  effect/  transmittance/ 
path  radiance/  spectral  measurement 

1.  INTRODUCTION 

The  atmospheric  scattering  and  absorption  affect 
the  remotely  sensed  data  and  cause  the  serious 
classification  errors  or  the  estimation  errors  in 
analyzing  data  to  get  the  various  kinds  of  thematic 
maps.  For  example/  in  water  area/  the  radiance  from 
water  surface  holds  only  10  to  30  X  of  the  total 
radiance  detected  by  the  sensor  on  the  satellite 
because  of  the  low  spectral  reflectance  of  water 
bodies.  Therefore  the  mapping  of  water  quality 
parameters  requires  precise  estimation  of  atmospheric 
effect  and  its  removal. 

There  have  been  several  methods  to  evaluate  the 
atmospheric  effect  on  the  remotely  sensed  data 
(Otterman/  1980;  Kaufman/  1988).  In  this  paper/  two 
methods  are  developed  to  quantitatively  evaluate  the 
atmospheric  effect  on  the  satellite  data  based  on  the 
field  measurement  of  the  spectral  radiance  above  the 
water  surfabe. 

In  the  first  method/  the  atmospheric  transmittance 
and  the  path  radiance  are  estimated  by  a  linear 
regression  analysis  for  a  set  of  the  radiance  data 
which  are  the  upward  surface  radiances  measured  at 
the  stations  and  the  remotely  sensed  radiances 
calculated  from  the  CCT  counts  at  the  corresponding 
points  in  the  multi-spectral  Images.  The  simple 


radiative  transfer  equation  shows  that  the  slope  and 
the  y-Intersect  of  the  regression  line  give  the 
estimates  for  the  transmittance  and  the  path 
radiance. 

In  the  second  method/  first/  the  transmittance  is 
estimated  from  the  direct  solar  beam  radiance 
measured  at  the  surface  by  assuming  the  total  solar 
radiance  out  of  the  atmosphere.  Next  the  path 
radiance  is  estimated  from  the  remotely  sensed 
radiance  and  the  upward  surface  radiance  at  the 
corresponding  point  using  the  estimated 
transmittance. 

Spectral  radiance  measurements  were  carried  out 
at  Lake  Kasumigaura  and  at  Lake  Biwa  in  Japan  by 
utilizing  a  portable  spectrometer  during  the 
overflight  of  LANDSAT  and  MOS-1.  Both  of  the 
developed  methods  were  applied  to  the  LANDSAT  MSS/ 
TM  data  and  the  MOS-1  MESSR  data  to  evaluated  the 
atmospheric  effect  on  them. 

2.  ATMOSPHERIC  MODEL 

Let  L  (x>  and  Q  (x>  be  the  upward  radiance  and 
the  downward  solar  beam  radiance  at  the  altitude  X 
(Fig. I).  The  radiance  detected  by  a  remote  sensor  is 
given  by 

L  (H)  =  T  •  L  (0)  +  P  •••  (1) 

where  T  and  P  are  the  atmospheric  transmittance 
and  the  path  radiance  between  the  earth  surface  and 
the  remote 'sensor.  The  upward  (nadir)  radiance  at 
the  surface  L  (0)  is  also  given  by 

L  (0)  =  a  ot  Hi  Q  (0)  +  Q  .)  •••  (2) 

Q  (0)  =  Q  (H)  •••  (3) 

where  a  o  is  the  earth  surface  reflectance/  H  is 
cosine  of  the  solar  zenith  angle  and  Q  .  is  the  sky 
radiance  at  the  surface.  Also  Q  (H)  is  the 
extraterrestrial  solar  radiance. 

3.  ESTIMATION  OF  ATMOSPHERIC  TRANSMITTANCE  AND 
PATH  RADIANCE  BY  REGRESSION  ANALYSIS 

Let  L  H  and  L  o  be  the  remotely  sensed  radiance 
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and  the  simultaneously  measured  surface  radiance  at 
the  i-th  observation  point.  From  the  regression 
analysis  between  <  L  h)  and  {  L  b>/  we  can  set  the 
regression  equation 

L  H  =  a  L  o  +  b.  '  •••  (4) 

From  the  equation  (I)/  it  is  easily  shown  that  the 
regression  coeffioient  a  and  b  in  equation  (4)  give 
the  estimates  for  T  and  P/  respectively. 

Figure  2  shows  the  examples  of  the  regression  line 
between  the  LANOSAT  radiance  and  the  upward 
radiance  observed  at  Lake  Kasumigaura  on  Nov.  24/ 
1981  and  on  Maroh  3/  1982.  Table  1  summarizes  the 
estimated  atmospheric  transmittance  (  7  )  and  the 
path  radiance  (  P  )  at  Lake  Siwa  and  at  Lake 
Kasumigaura.  In  Fig. 3/  the  ratio  (percentage)  of  the 
path  radiance  (  P  )  in  the  total  remotely  sensed 
radiance  (  L  (H))  over  the  water  surface  is 
illustrated  for  each  band. 

In  the  experiments  at  Lake  Biwa  and  Lake 
Kasumigaura/  the  surface  radiances  were  measured  by 
a  portable  spectrometer  whose  spectral  resolution 
was  2nm  between  400  nm  and  800  nm  (Miyazaki/  1987). 
The  original  radiance  was  integrated  over  the 
spectral  range  of  the  LANOSAT  MSS. 

4.  ESTIMATION  OF  ATMOSPHERIC  TRANSMITTANCE  AND 

PATH  RADIANCE  FROM  THE  MEASUREMENT  OF  SOLAR 

BEAM  RADIANCE 

From  the  equation  (3)/  the  atmospheric 
transmittance  T  is  given  by 

T  =  {  Q  (0)/  Q  (H))'".  (5) 

The  equation  (5)  indicates  that  we  can  estimate  the 
transmittance  by  measuring  the  direct  solar  beam 
radiance  Q  (0)  at  the  surface  and  also  by  assuming 
the  extraterrestrial  solar  radiance  Q  (H). 

In  this  experiment/  the  solar  beam  radiance  Q  (0) 
was  indirectly  estimated  from  the  radiance  of  the 
white  reflecting  board  (  W  )  and  from  the  radiance 
of  the  shadow  on  it  (  S  )  where  the  direct  solar  beam 
was  cut  off.  The  white  reflecting  board  was  made  of 
Eastman  Kodak  white  coating  whose  reflectance  was 
almost  1.0  (Grum  &  Luckey/  1968).  In  the  equation  (2)/ 
using  a  o  =?  1.0/  L  (0)  =  W  and  Q  .  =  S/  the 
direct  solar  beam  radiance  Q  (0)  is  given  by 

Q  (0)  =  (  W  -  S  )  /  /U.  •••  (6) 

The  path  radiance  P  was  estimated  from  the  equation 
(I)  using  the  estimated  transmittance  T/  the  upward 
radiance  measured  above  the  water  surface  L  (0)  and 
the  corresponding  remotely  sensed  radiance 
L  (H)  as  fol lows; 

P  =  L  (H)  -  L  (0)  •  T  •••  (7) 

Figure  4  shows  the  spectral  characteristic  of  the 
atmospheric  transmittance  estimated  from  the 
observed  radiance  at  Lake  Kasumigaura  on  7th 
November  1988  (8:15/  9:15/  10:15).  Temporal  change  of 
the  estimated  transmittance  is  also  illustrated  in 


Fig.)  Optical  process  in  the  atmosphere. 


Fig. 2  Regression  analysis  between  the  remotely 

sensed  radiance  (LANOSAT  band  6)  and  bserved: 
surface  radiance 

(Lake  Kasumigaura:  1981/1 1/24  and  1982/3/3). 
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Table  I  Estimated  atmospheric  transmittance  and  path  radiance 

(Lake  Biwa,  1985/10/3:  Lbke  Kasumisaur a,  1981/11/24/  1982/3/3). 


site 

Lake 

Blwa 

Lake  Kasumigaura 

date 

1935/10/3 

1981/11/24 

1  1982/3/3 

band 

2 

T  P(mw/cin  /sr) 

2 

T  P (mw/cm  /sr) 

1  T  P (mw/cm  /sr) 

4  (0.5~ 

0.79 

0.22 

0.77  0.26 

j  0.86  0.26 

0.6um) 

5  (0.6 /'z 

0.72 

0.13 

0.72  0.16 

j.  0.78  0.11 

0.7iim) 

6  (0.7/v^ 

0.94 

0.09 

1.17  0.10 

1  1.01  0.06 

O.Spm) 

lANDSAT 

4 

2 

1  3 

0.35ew/cs**sr 


Lake  Blwa 
85/10/13 


Lake  Kasumigaura 
81/11/24 


Lake  Kasumigaura 
82/3/3 


Fig. 3  Ratio  (X)  of  the  estimated  path  radiance  in  the  total  remotely  sensed  radiance  over  the  lake  water. 


Fig. 5.  Spectral  radiance  was  measured  by  a  portable 
spectrometer  with  17  channels  between  400  and  lOSOniti. 


5.  CONCLUSIONS 

In  order  to  evaluate  the  atmospheric  effect  on  the 
remotely  sensed  data/  the  atmospheric  transmittance 
and  the  path  radiance  were  estimated  by  two  different 
methods  based  on  the  field  measurement  of  spectral 
radiance.  The  methods  were  applied  to  Lake  Blwa  and 
Lake  Kasumigaura  to  evaluate  the  atmospheric  effect 
on  remotely  sensed  data  over  the  water  surface.  It 


was  shown  that  the  path  radiance  over  the  lakes  held 
70  90  X  in  the  total  radiance  detected  by  the 

remote  sensor. 

The  atmospheric  transmittance  estimated  at  Lake 
Kasumigaura  was  compared  with  the  transmittance 
estimated  from  the  simultaneous  measurement  of 
aerosol  distribution  by  the  Lacor  Radar.  The  values 
from  both  methods  showed  quite  good  correspondence. 
The  result  indicates  that  the  atmospheric  parameters 
can  be  estimated  in  quite  gcod  accuracy  by  these 
simple  field  measurements  of  the  spectral  radiances. 
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Vavelen^th  (na) 

Fig. 4  Spactral  characteristics  of  the  atmospheric  transmittance  (Lake  Kasumigaura/  1988/11/7) 


Fig. 5  Temporai  change  of  the  atmospheric  transmittance  (Lake  Kasumigaura/  1988/11/7). 
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ABSTRACT 

Over  th«  tecent  yeats,  thete  has  been  an  increasing  trend  towards  the  quan¬ 
titative  analysis  of  remotely  sensed  data.  To  meet  this  demand,  an  auto¬ 
mated  atmospheric  correction  system  has  been  developed  capable  of  reliably 
retrieving  surface  reflectanee  spectra  from  multispectral  satellite  data.  An 
important  phase  of  this  program  has  been  assessing  the  potential  impact  of 
the  correction  procedures  on  user  applications  by  meruuring  the  absolute 
and  relative  accuracies  of  the  system.  The  results  of  this  study— preserited 
here — indicate  that  under  reasonable  conditions,  surface  reflectance  tp'eeira 
can  be  routinely  retrieved  to  within  0.01  reflectance  units  in  a  production 
atmospheric  correction  system. 

Keywords;  Atmospheric  Effects,  Topographic  Effects,  Radiometric  Correc¬ 
tion. 


1  INTRODUCTION 

Quantitative  analysis  of  multispectral  satellite  imagery  such  as  that 
acquired  by  the  Landsat  TM  and  Spot  HRV  sensors  depends  on  the 
ability  to  reliably  extract  surface  reflectance  properties  from  the  satel¬ 
lite  observed  digital  signal  levels  (DSL).  This  capability  is  hampered 
by  the  sensor-specifle  conversion  of  observed  radiemce  to  DSLs,  and 
more  importeuitly  by  the  enviroiunental  perturbations  introduced  by 
the  conditions  under  which  the  imagery  wm  acquired.  Sensor-specific 
characteristics  are  well  imderstood  and  production  systems  are  rou¬ 
tinely  retrieving  the  radiance  to  within  10%  (Ahern  87).  Environmen¬ 
tal  perturbations,  on  the  other  hand,  are  significantly  more  difficult 
to  characterize  as  they  depend  on  temporally  and  spatially  varying 
factors  such  as  the  illumination  tuid  observation  geometries,  and  the 
atmosphericand  topographic  conditions  under  which  the  imagery  was 
acquired  [Teillet  86).  It  is  only  recently  that  these  radiometric  errors 
have  been  corrected  in  production  systems. 

In  areas  of  low  relief,  perturbations  induced  by  solar  and  atmospheric 
conditions  are  the  main  source  of  radiometric  errors  often  compris¬ 
ing  over  80%  of  the  total  observed  radiance  over  low  reflectance  tar¬ 
gets  in  the  shorter  wavelengths.  Over  rugged  terridn,  radiometric 
errors  caused  by  variations  in  the  orientation  of  the  surface  with  re¬ 
spect  to  the  sun  and  the  sensor  typically  dominate  the  signal.  With 


the  increased  use  of  multitemporal  and  multisensor  datasets  in  ap¬ 
plications  such  as  thematic  classification,  change  detection,  and  au¬ 
tomated  DEM  extraction,  it  has  become  increasingly  important  to 
compensate  for  these  errors,  farther,  the  development  of  automated 
surface  identification  capabilities  together  with  inte^ated  spectral 
reflectance  databases  for  difierent  surface  covers  necessitates  the  ab¬ 
solute  calibration  of  the  raw  satellite  data  to  allow  the  extraction  of 
quantitative,  physically  meaningful  measurements. 

Towards  this  goal,  a  prototype  atmospheric  correction  package  has 
been  developed  capable  of  reliably  extracting  surface  reflectance  spec¬ 
tra  from  the  satellite  observed  DSLs.  A  study  of  the  accuracy  of  the 
system,  the  results  of  which  are  reported  here,  assessed  both  the  ab¬ 
solute  accuracy  by  comparing  reflectance  derived  froin  the  imagery 
with  coincident  surface  measurements,  and  the  relative  accuracy  by 
assessing  the  ability  of  the  system  to  extend  spectrd  signatures  of 
various  surface  covers.between  multitemporal  datasets. 

2  RADIOMETRIC  ERRORS 

For  most  remote  sensing  applications,  the  information  of  interest  is 
the  reflectance  charuteristics  of  the  surface  in  the  dUferent  regions 
of  the  electomagnetlc  spectrum.  This  information  is  perturbed  by 
radiometric  errors  introduced  into  the  data  acquisition  process  both 
by  sensor-specifle  characteristics  and  by  the  environment. 

Remote  sensing  saUUites  measure  the  total  radiance  reflected  from 
a  particular  area  of  the  earth  and  convert  this  value  to  a  DSL.  The 
conversion  from  radiance  to  DSLs  is  a  time-varying  function  of  the 
physics  of  the  sensor,  thus  retrieving  radiance  is  a  non-trivial  process. 
Typically,  inflight  calibration  data  are  used  togeth»  with  preflight 
measurements  to  calibrate  the  sensor.  Recent  work  at  the  White 
Sands  test  site  by  Slater  et  al  (Slater  87)  has^shown  that,  for  the 
Landsat  TM  sensor,  absolute  calibration  uncert^ties  as  low  as  3% 
can  be  achieved. 

Having  absolutely  etdibrated  the  raw  satellite  data,  one  may  calculate 
the  apparent  reflectance  of  the  surface  as  a  simple  rat[o  of  obser''ed 
radiance  and  the  incident  solar  irradiance.  Unfortunatdy,  there  is  lio 
simple  equation  relating  the  apparent  reflectance  to  actual  surface  re- 
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flectance  because  of  spatial  and  temporal  variations  in  environmental 
conditions  which  introduce  perturbations  in  both  the  radiation  inci¬ 
dent  on  and  reflected  from  the  earth’s  surface. 

Environmentally  induced  errors  take  a  number  of  forms.  Radiation 
transmitted  through  the  atmosphere  is  attenuated  through  the  pro¬ 
cesses  of  molecular  and  aerosol  scattering  and  absorption  leading  to 
a  reduction  in  both  the  direct  solar  irradiance  reaching  the  surface, 
and  the  surface  reflected  radiance  reaching  the  sensor.  The  signal  is 
further  perturbed  by  additive  noise  introduced  by  radiation  backscat- 
tered  by  the  atmosphere  {path  radiance)  as  well  as  radiation  scattered 
into  the  field  of  view  of  the  sensor  from  surrounding  surfaces  (the  so- 
called  adjacency  effect)  (Tanre  81).  The  net  result  of  these  effects  is 
that  dark  targets  appear  brighter  (due  mainly  to  the  additive  noise) 
white  bright  targets  appear  darker  (because  of  signal  attenuation). 

In  areas  of  rugged  terrain,  the  situation  is  further  complicated  by 
errors  induced  by  the  topography.  Here,  both  the  first  order  ef¬ 
fects  of  local  solar  incidence  angle  and  cast  shadows,  and  the  sec¬ 
ond  order  effects  of  variations  in  sky  irradiance  due  to  occlusion 
of  the  sky  and  radiation  reflected  off  adjacent  terrain  are  impor¬ 
tant  [Woodham  87,Proy  86).  The  situation  is  further  complicated 
by  the  non-Lambertian  reflectance  of  many  surface  covers  which  in- 
thnately  couple  the  apparent  reflectance  to  the  environmental  condi¬ 
tions  under  which  the  surface  was  observed. 

As  the  atmospheric,  solar  and  viewing  conditions  change  both  tempo¬ 
rally  and  spatially,  the  magnitude  of  these  radiometric  effects  changes 
dramatically.  Therefore,  in  order  to  make  any  meaningful  quantita¬ 
tive  comparisons  between  data  acquired  at  different  times,  at  different 
places,  or  with  different  sensors,  it  is  imperative  that  some  form  of 
radiometric  normalization  be  performed. 


3  RADIOMETRIC  CORRECTION 

Radiometric  normalization  must  be  performed  to  allow  the  meaning¬ 
ful  comparison  ofimdtitemporal,  multispatialor  multisensor  datasets. 
This  normalization  may  be  performed  to  some  extent  by  statistical 
means;  however  such  methods  give  no  quantitative  measure  of  the 
actual  surface  properties.  F\u:ther,  for  applications  such  as  change 
detection,  it  seems  to  defeat  the  purpose  to  statistically  normalize 
two  images  so  that  one  can  tell  what  has  changed. 

Radiometric  correction  to  surface  reflectance  on  the  other  hand  has 
the  advantage  of  allowing  qusmtitative  comparison  of  the  corrected 
data.  Not  only  can  one  can  make  relative  statements  about  what  has 
changed  between  two  images,  one  can  also  state  in  absolute  terms 
how  much  the  reflectance  hu  changed.  C\uther,  classification  based 
on  ground  reflectance  can  be  much  more  intelligent  than  a  purely  sta¬ 
tistical  classifier  since  the  the  reflectance  characteristics  of  the  surface 
can  be  cross-referenced  with  a  spectral  database  allowing  not  only 
surface  classification,  but  surface  identification. 

To  meet  these  needs,  a  prototype  atmospheric  correction  system  has 
been  developed.  The  system  takes  as  input  radiometrically  calibrated 
data  and  produces  a  reflectance  map  of  the  surface.  The  system 
is  based  on  an  analytic  model  of  the  atmosphere  which  is  used  to 
estimate  the  magnitude  of  the  radiometric  perturbations  induced  by 
environmental  conditions.  Having  determined  their  magnitudes,  the 
atmospheric  model  is  inverted  converting  radiance  at  the  satellite  to 
reflectance  of  the  surface. 

The  system  is  capable  of  operating  in  a  automated  environment.  In 
this  mode,  all  inputs  are  obtained  using  ancillary  data  together  with 
the  imagery  itself.  Alternatively,  the  user  may  interact  with  the  cor¬ 
rection  process  by  providing  additional  environmental  information. 
Variations  in  the  atmospheric  conditions  over  larger  images  are  han¬ 
dled  by  introducing  a  spatisdly  varying  component  into  the  atmo- 


Figure  1:  Satellite  derived  versus  measured  reflectance  for  uncor¬ 
rected  and  atmospherically  corrected  Landsat  TM  data  at  the  Msui- 
copa  Agricultural  Center  test  sites. 


spheric  model.  This  allows  for  a  more  robust  and  accurate  correction 
over  full  scenes.  If  a  digital  terrain  model  is  available,  it  may  be 
used  to  supplement  the  correction  allowing  for  the  compensation  for 
effects  introduced  by  local  variations  in  the  direct  and  diffuse  solar 
irradiance  of  the  surface. 


4  ABSOLUTE  ACCURACY 
ASSESSMENT 

An  important  phase  in  the  current  work  has  been  assessing  the  accu¬ 
racy  of  the  system  under  a  variety  of  conditions  to  gain  a  quantitative 
feel  for  how  well  the  correction  is  working.  The  results  presented  here 
include  both  absolute  accuracy  assessment,  and  relative  accuracy  as¬ 
sessments. 

Perhaps  the  most  important  acciuacy  measurement  of  an  atmospheric 
correction  system  is  the  absolute  accuracy  of  the  system — ie.  the 
ability  of  the  system  to  retrieve  surface  reflectance  in  an  operational 
environment.  Unfortunately,  this  is  also  the  most  diflicult  measure  to 
obtain  as  it  requires  having  accurate  surface  observations  at  one  or 
more  test  sites  made  close  to  the  time  of  the  satellite  pass.  With  the 
help  of  Dr.  P.  N.  Slater  of  the  University  of  Arizona  such  a  dataset 
was  put  together  and  used  to  estimate  the  end-to-end  accuracy  of  the 
system. 

The  dataset  itself  consists  of  a  radiometrically  calibrated  Landsat  TM 
image  of  the  Maricopa  Agriculture  Center  in  Arizona  acquired  July 
23,  1985.  A  detailed  set  of  simultaneous  atmospheric  measurements 
and  ground  reflectance  measurements  for  two  homogeneous  fields  (a 
cotton  field  and  a  bare  soil  field)  was  provided  by  Slater.  The  uncer¬ 
tainty  in  the  reflectance  measurements  was  well  below  one  Landsat 
TM  quantization  unit. 

The  two  test  sites  were  first  identified  in  the  imagery  using  maps  of 
the  area,  and  the  mean  apparent  reflectance  at  each  site  calculated 
in  bands  TMl  through  TM4.  Unfortunately  surface  measurements 
were  not  available  for  bands  TM5  and  TM7.  Next,  atmospheric  ef¬ 
fects  were  corrected  for  using  the  fully  automated  mode  of  operation, 
thus  simulating  conditions  in  a  production  environment.  The  uncor¬ 
rected  and  corrected  reflectance  values  were  then  plotted  against  the 
surface  measurements  made  at  each  site  and  the  results  analyzed. 
The  resulting  plot  is  shown  in  Figure  1. 

Analysis  of  this  plot  illustrates  a  number  of  interesting  trends.  As 
expected,  the  apparent  reflectance  of  darker  targets  is  higher  than 


I'iSMfp  A  l»lark  ami  white  K-nilitmii  of  a  faiM'-colonr  composite  imaKo  ilhistratos  iho  diffomKc  hotwcoii  two 
mtcnrrectcti  (le|t  jj  and  torr^'Ctod  tnsl*U  imam's  of  Hamilton,  Ontario  €'ic<ttiirc'il  August  3  (topfand  Septenihcr  30  1985 
tbnttoinl,  Oilforcnco'  lielwtcn  the  original  images  on  ihe  left  cicarh  tlenioiistrate  tin*  radiometric  elfecls  induced  hv 
liio  eiuiroiiineutal  condniou"^  under  which  »he  imagerv  wa-v  acquired.  After  corri’cling  for  atmospheriialh  iiuhiced 
elTfcts,  the  two  images  on  the  right  show  gre.iter  contrast  and  corresjMindeuce.  allowing  *-n^\  ideiiliricalicui  of  the 
changes  between  the  two  images. 


their  actual  reflettance  »lue  mainlv  to  the  ad*|i(i\c  jmth  radiance. 
High  relleciance  targets  on  tlie  other  hand  appear  darker  in  the  nn 
corrected  Imago  due  primaril\  to  atmospheric  attenuation  of  surface 
leaving  radiation  The  net  result  is  a  shift  m  the  shtpe  of  the  rela¬ 
tion  between  derived  versus  actual  relied ance  from  its  ideal  \aliie  of 
one.  Correcting  the  data  for  en\irormiental  conditions  compensates 
for  these  elfects,  resulting  in  better  retrieval  ol  surface  i#  fiectance.  In 
all  cases,  the  reflectance  dorivejl  Irom  the  corrected  im  ige  is  closer 
to  the  actual  surface  relleotauce,  resulting  m  a  more  aearlv  ideal  re¬ 
lationship  belwecu  sate|lite-dorivr<l  and  measureil  reilectance  values 
In  an  U.\iS  si'Use,  atmospiit  rn  rorr<  <  lion  has  redmed  the  total « rror 
from  0.03'^  relleifame  unit'  illMS/  in  lln  uiuorredcd  dal«i  to  O.Dl 
relh*fl«in<‘  unit'  in  ili*  loifMted  d»Ua.  llii'  iiluslr<itrs  lliot,  uioh  r 
reasuniibh'  atiiiO’.ph‘=rn  lomhlioii'.  a  production  svsl«m  rimning  .a 
an  auloinatcni  environiiienl  i'  uqialde  ‘d  i*  uieving  .suiiac*  i*  Jb  dam* 
to  within  O.Oi  renectance  imits. 


5  MULTITEMP0IIAL  ACCURACY 
ASSESSMENT 

For  many  applications,  the  temporal  accuracy  of  an  atmospheric  cor¬ 
rection  system  is  of  prime  importance;  tiiat  is,  tite  (picstion  arises 
as  to  how  well  the  system  c.aii  normalize  two  multitem|)ornl  images. 
Tills  IS  of  particular  interest  in  classification,  where  one  is  interested 
III  extending  spectral  signatures  hetwceii  the  datasets  to,  for  example, 
eiiniiiiate  retraining  of  tlie  classifier. 

io  assess  tile  iiiultiteinperal  accuracy  of  tile  system,  a  dataset-coni- 
posed  of  a  pair  of  l.aiidsat  IM  images  of  liamiltoii,  Ontario  and 
weather  reports  Iroiii  tlie  I  aiiadian  Atiiiosplieric  Einiroiinient  Ser¬ 
vice  was  compiled.  Tile  two  lianuitoii  images  were  acquired  dS-days 
apart  on  Acigiisi  .i  ami  heicic-iuhei  .io  iua.c,  ami  aie  lepreseiilative  oi 
images  witli  large  variations  in  the  stale  of  the  atmosphere.  The  Au¬ 
gust  3  image  was  acquired  under  clear  atmosiiiieric  conditions  w'itli 
the  hourly  weatlier  reports  from  Ilaimlton  Station  ‘A’  reporting  a 
visihilily  of  greater  than  1>S  kilometers.  Tlie  Sepleinhor  2(1  image,  on 
the  other  liaiid,  was  acquired  under  liazy  conditions  with  visibility 
reported  at  I.!  k'loiiielers. 
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Aug  3  R«llictanc« 

Figure  3:  The  reflectance  of  12  test  sites  derived  from  an  August 
3  Landsat  TM  band  1  image  of  Hamilton  is  graphed  against  the 
reflectance  of  tlie  same  sites  derived  from  a  September  20  TM  band  1 
image.  A  linear  regression  through  both  the  uncorrected  values  and 
the  corrected  values  is  shown  along  with  a  line  representing  the  ideal 
relationship. 


The  images  were  independently  corrected  using  the  fully  automated 
mode  of  operation.  A  black  and  white  rendition  of  the  uncorrected 
and  corrected  images  is  shown  Figure  2.  On  the  left  side  of  this  flgure 
are  the  two  uncorrected  images.  Notice  the  large  difference  between 
the  two  images,  and  in  particular  the  poor  contrast  of  the  lower-left 
scene  typical  of  images  taken  under  the  hazy  conditions.  The  two 
corrected  images  rhown  on  the  right  have  much  better  contrast  and 
similar  dynamic  ranges.  The  close  radiometric  matching  between 
these  two  images  allows  for  easier  analysis  and  comparison  of  the 
similarities  and  changes  in  surface  characteristics  between  the  two 
dates. 

To  provide  a  more  quantitative  assessment  of  the  improvement  in 
radiometric  registration,  a  total  of  12  sites  of  unchanged  reflectance 
were  identified  by  viewing  the  images  simultaneously  on  a  video  dis¬ 
play.  Care  was  take  to  avoid  areas  such  as  agricultural  fields  which 
might  have  changed  significantly  over  the  d8-day  period.  Once  iden¬ 
tified,  the  apparent  and  corrected  reflectance  values  were  calculated 
for  each  test  site.  If  the  test  sites  truly  were  unchanged,  a  plot  of  the 
actual  reflectance  of  the  sites  in  August  against  their  reflectance  in 
September  should  show  a  strong  linear  relationship,  with  a  slope  of 
one  and  a  zero  intercept. 

Figure  3  illustrates  a  plot  of  the  August  3rd  reflectance  versus  the 
September  20th  reflectance  for  each  of  the  12  test  sites  in  TM  band  1. 
Examining  this  graph,  it  can  be  seen  that  the  corrected  reflectance 
closely  approximates  the  conditions  that  would  apply  if  the  atmo¬ 
spheric  effects  had  been  compensated  for  exactly.  By  comparison, 
the  uncorrected  reflectance  results  differ  significantly  from  the  “ideal” 
relation  illustrating  the  difference  in  atmospheric  conditions  between 
the  two  images. 

Statistically,  a  regression  line  fit  to  the  reflectance  derived  from  the 
two  dates  shouid  have  a  slope  of  one  and  intercept  close  zero  if  all  at¬ 
mospheric  errors  have  been  removed.  Such  regression  was  performed 
for  the  bands  most  effected  by  the  atmosphere  (TM  bands  1, 2,  and  3) 
the  results  of  which  are  given  in  Table  1.  The  regression  lines  through 
the  apparent  reflectance  data  have  a  slope  drastically  different  from 
one  in  ail  three  bands  clearly  illustrating  the  effects  of  haze  in  the 
September  image  on  the  satellite  observed  signal,  llegcessiun  lines 
through  the  corrected  data  however  show  significant  improvement, 
having  slopes  and  intercepts  very  close  to  the  ideal  values.  Results 
reported  in  [Kauffman  89]  .show  that  similar  improvements  can  be 
expected  from  multisensor  datasets,  thus  allowing  for  the  extension 
of  spectral  signatures  between  Landsat  TM  and  SPOT  HRV  sensors. 
This  suggests  that  the  atmospheric  correction  procedures  described 


Band 

Correlation 

Coefficient 

Uncorrected 

Corrected  | 

Slope 

Intercept 

Slope 

Intercept 

TMl 

0.975 

0.73 

0.048 

0.99 

-0.004 

TM2 

0.988 

0.81 

0.026 

1.06 

-0.004 

TM3 

0.987 

0.81 

0.018 

1.01 

-0.004 

Table  1:  Regression  coefficients  for  a  line  fit  to  the  reflectance  of  12 
unchanged  test  sites  located  in  August  3  and  September  20  images 
of  Hamilton,  Ontario.  Lines  fit  through  the  corrected  data  are  much 
closer  to  the  ideal  line  having  a  slope  of  one  and  a  zero  intercept. 

here  will  vastly  improve  the  analysis  of  multitemporal  multisensor 
datasets. 


6  CONCLUSIONS 


Non-systematic  radiometric  errors  introduced  by  the  environment 
must  be  compensated  for  before  multitemporal  or  multisensor  datasets 
can  be  compared.  A  prototype  system  has  been  developed  capable 
of  removing  atmospherically  induced  perturbations  from  inultispec- 
tral  data  by  modelling  the  atmosphere  and  transforming  radiance 
observed  by  the  satellite  into  ground  reflectance.  Absolute  accuracy 
assessment  against  ground  reference  data  has  shown  the  system  is  ca¬ 
pable  of  retrieving  surface  reflectance  to  within  0.01  reflectance  units 
(RMS).  Relative  assessment  on  nmltitemporal  datasets  has  demon¬ 
strated  a  dramatic  improvement  in  radiometric  registration  between 
images.  The  results  of  this  analysis  suggest  that  the  system  pro- 
'  ■  a  viable  method  for  radiometrically  correcting  multitemporal, 
multispatial,  and  multisensor  datasets  allowing  the  quantitative  ex¬ 
ploitation  of  remotely  sensed  data. 

References 


(Ahern  87)  F.  J.  Ahern,  R.  J.  Brown,  J.  Cihlar,  R.  Gauthier,  J. 

Murphy,  R.  A.  Neville,  and  P.  M.  Teillet.  Radiomet¬ 
ric  correction  of  visible  and  infrared  remote  sensing 
data  at  the  Canada  Centre  for  Remote  Sensing.  Int. 
J.  Remote  Sensing,  8(9):1349-1376, 1987. 

(Kauffman  89)  D.  Kauffman  and  B.  Robertson.  Extension  of  spec¬ 
tral  signatures  between  multitemporal  and  multisen¬ 
sor  datasets.  In  Proceedings  of  IGARRS’89,  1989. 


(Proy  86)  C,  Proy.  Integration  du  relief  an  trattement  d'images 
de  UUditection.  PhD  thesis,  L’Institut  National 
Polytechnique  de  Toulouse,  January  1986. 


[Slater  87)  P.  N.  Slater,  S.  F.  Biggar,  R.  G.  Holm,  R.  D.  Jackson, 
Y.  Mao,  M.  S.  Moran,  J.  M.  Pahner,  and  B.  Yaun. 
Reflectance  and  radiance-based  methods  for  the  in¬ 
flight  absolute  calibration  of  multispectral  sensors. 
Remote  Sensing  of  Environment,  22:11-37,  1987. 


(Tanre  81)  D.  Tanre,  M.  Herman,  and  P.  Y.  Deschamps.  In¬ 
fluence  of  the  background  contribution  upon  space 
meuurements  of  grotmd  reflectance.  Applied  Optics, 
20(20):3676-3684,  October  1981. 


(Teillet  86]  P.  M.  Teillet.  Image  correction  for  radiometric  effects 
in  remote  sensing.  International  Journal  of  Remote 
Sensing,  7(12):1637-1651,  December  1986. 


(Woodham  87]  R.  J.  Woodham  and  M.  H.  Gray.  An  analytical 
method  for  radiometric  correction  of  satellite  multi¬ 
spectral  scr-nner  data.  IEEE  Transactions  on  Geo¬ 
science  and  Remote  Sensing,  GE-26(3):258-271,  May 
1987. 


897 


Atmospheric  Correction  of  NIMBUS-7  CZCS  Images  Using  Multiple  Scattering  Data  Base 


Sonoyo  Mukai 


Kanazawa  Institute  of  Technology,  Ishikawa  921,  Japan 


It  Is  shown  here  that  atmospheric 
correction  of  the  NIMBUS-7  CZCS  data  based 
on  the  multiple  scattering  calculation  In  an 
atmosphere-rough  surface  model  produces  an 
precise  and  clear  image  of  the  current 
situations  of  the  ocean. 

In  order  to  reduce  the  processing  time 
of  an  image,  the  numerical  results  of  the 
multiple  scattering  calculation  are  stored 
In  the  data  base. 

For  more  realistic  atmospheric 
correction,  the  optical  thickness  of  aerosol 
measured  at  National  Indstltute  for 
Environment  Studies  (  in  Tsukuba,  Japan)  is 
applied  to  process  an  Image  of  the  ocean 
near  Japan. 

Key  words:  Atmospheric  correction,  Multiple 
scattering,  CZCS 

1.  Introduction 

In  the  marine  remote  sensing,  the 
intensity  of  radiation  from  the  ocean  Is 
generally  an  order  of  magnitude  less  than 
the  total  intensity  observed  at  the  sensor 
equipped  on  the  satellite.  This  is  mainly 
caused  from  the  multiple  scattering  of  the 
solar  radiation  in  the  intervening 
atmosphere  between  the  sensor  and  the  sea 
surface,  what  one  calls  atmospheric  effect. 
Removal  of  this  atmospheric  effect  from  the 
original  remote  sensing  images  is  termed 
atmospheric  correctlonCGordon,  1978).  This 
paper  describes  atmospheric  correction  of 
the  NimbU3-7  CZCS  data  based  on  the  multiple 
scattering  calculations  of  the  solar 
radiation  in  the  atmosphere-rough  surface 
system. 

The  Coastal  Zone  Color  Scanner  (CZCS) 
equipped  on  the  satellite  Nlmbus-7  is  a 
scanning  radiometer  which  has  six 
coregistered  wavelength  bands.  Namely  Bands 
1,2, 3, 4, 5  and  6  correspond  to  the 
wavelengths  of  0.44,  0.52,  0.55,  0.67,  0.75 
and  11.5|im,  resDectively(Zion,  1983).  The 
CZCS  is  aimed  to  estimate  the  phytoplankton 
pigment  concentration  near  the  sea  surface 
by  measuring  the  reflected  radiation  from 
the  ocean. 


A  transfer  problem  is  dealt  with  a 
superposition  method  in  an  atmosphere-rough 
surface  model (Mukai,  1977).  In  the 
atmosphere,  Rayleigh  scattering  by  molecules 
and  Mle  scattering  by  aerosols  are  taken 
into  account.  The  model  of  the  Earth's 
atmosphere  is  constructed  on  the  basis  of 
Lowtran  6  code  which  gives  the  aerosol  and 
molecular  distribution  with  helght(Knelzys 
et  al.  1983).  For  a  sea-surface  model,  the 
sea  wave  pattern  given  by  Cox  and  Munk(l954) 
is  adopted. 

In  order  to  reduce  the  processing  time 
of  an  image, the  numerical  results  of  the 
multiple  scattering  calculation  are  stored 
in  the  data  base  named  MSDB,  which  is  short 
for  Multiple  Scattering  Data  Base. 

For  more  realistic  atmospheric 
correction,  the  optical  thickness  of  aerosol 
measured  at  National  Institute  for 
Environment  Studies  (  in  Tsukuba, 
Japan) (Sasano,  1985)  is  applied  to  process 
an  ocean  image  near  Japan. 


2.  Atmospheric  Correction 

Fig.l  represents  a  flow  chart  of  our 
atmospheric  correction,  where  subscripts  a 
and  g  denote,  respectively,  aerosol  and 
molecular  gases.  The  numerical  values  of 
optical  thickness  r,  and  mixing  ratio  fa- 
are  derived  from  LOWTRAN  6  code.  The 
LOWTRAN  6  is  a  software  program  which 
calculate  the  atmospheric  transmittance  and 
radiance  of  single  scattered  sun  light. 
Specifying  the  parameters  of  LOWTRAN  6  code, 
required  values  of  ti  and  fj.  are  obtained. 

On  the  other  hand  the  aerosol  optical 
thickness  has  been  measured  with  a  laser 

S  U  ^  .aA 

i  auai  fTikii  HovcAcnovii  v»wpM»i 

calls  lidar,  at  National  Institute  for 
Environment  Studies  in  Tsukuba, 

Japan(Sasano,  1985).  We  found  that  the 
average  value  of  optical  thickness  of 
atmospheric  aerosol  above  the  Japanese 
island  is  less  than  that  of  standard  middle 
latitude  atmosphere  derived  from  LOWTRAN  6. 
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Fig.l:  Flow  Chari  of  atmospheric 
correction. 


A.  Multiple  Scattering  Data  Base  (MSDB) 

Putting  function  C  on  the  ratio  of  the 
upward  intensity  Just  above  the  sea  surface 
to  that  at  the  top  of  the  atmosphere,  which 
values  are  calculated  from  the  equation  of 
radiative  transfer  by  using  the 
superposition  method.  The  ration  C 
represents  an  effectiveness  of  radiation 
from  the  sea  surface  with  respect  to  the 
total  radiation  reached  to  the  sensor,  or  in 
other  words  a  value  of  (1-C)  denotes  the 
scattering  efficiency  of  the  atmosphere. 
We  shall  call  this  C-value  by  the 
coefficient  of  atmospheric  correction. 
Bacause  multiplying  radiance  of  each  pixel 
of  original  remote  sensing  image  by  this 
coefficient  C  produces  an  atmospheric 
corrected  image.  An  algorithm  of 
atmospheric  correction  proposed  here  is 
different  from  that  defined  by  Gordon  et 
al.(1987),  however  we  can  remove  a  certain 
kind  of  atmospheric  effect. 

Since  the  calculation  of  the  multiple 
scattering  in  an  atmosphere-sea  surface 
model  takes  a  long  computing  time,  the 
numerical  results  of  C  are  stored  in  the 
data  base  named  MSDB  (  see  Fig. 2  }.  Using 
this  data  base  MSDB  we  can  process  a  prompt 
atmospheric  correction. 


MSDB 


Sun  Satellite 


Image 


Fig. 2:  Diagram  of  Multiple  Scattering  Data 
Base. 


B.  Coastal  Zune  Color  Scanner  (CZCS)  Images 

Our  results  are  applied  to  Interpret 
the  remote  sensing  data  given  by  the  Coastal 
Zone  Color  Scanner  (CZCS)  equipped  on  the 
satellite  Nlmbus-7,  which  has  six  wavelength 
bands  of  observation.  An  image  in  this 
paper  is  derived  from  CZCS  Band  2 

(wavelength  of  0.52um>  data  observed  on  14th 
Aptll  1981  (orbit  no. 12477).  Note  that 
such  bright  areas  as  land  and  cloud  are 
subtracted  from  an  original  image  of  Band  5 
(0.75)im)  and  repainted  in  black,  bacause  we 
are  now  interested  in  the  oceanic  area. 

Here  an  atmosphere-sea  surface  model  is 
represented  by  four  parameters,  i.e.  { 
1. aerosol  type,  2. optical  thickness,  S.gas- 
aerosl  mixing  ration,  4. wind  speed  (m/sec)). 
In  terms  of  this  notation.  Fig. 3  shows  an 
image  processed  by  atmospheric  correction 
based  on  the  model  {  Water-Soluble,  t:|=6.4, 
fQ=0.36,  w=2  ).  The  Water-Soluble  aerosol 

model  represents  the  absorbing  particles 
with  complex  refractive  index  of  1.53- 
0.006i. 

Comparing  with  the  proceesed  image  and 
the  original  one,  it  is  found  that 
atmospheric  correction  provides  us  with  more 
precise  information  on  the  sea  surface,  e.g. 
intrinsic  current  situations.  For  the  sake 
of  comprehension,  the  radiance  distribution 
along  the  white  solid  line  in  the  image  of 
Fig. 3  is  shown  in  Fig. 4.  Referring  to 
Fig. 5,  which  represents  the  presumed  stream 
line  between  1  April  and  16  April (JODC, 
1981).  From  these  three  figuresg  3,4  and 
6,  our  atmosphere-sea  surface  model  can 
well  express  the  current  flow,  at  least 
concerned  season  and  area. 
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3.  Results 

From  the  processed  image  of  the  Pacific 
Ocean  near  Japan,  we  obtain  the  following 
resul ts; 

1)  The  value  of  aerosol  optical  thickness 
measured  in  Japan  produces  a  suitable  image 
to  the  Black  Current. 

2)  The  absorbing  particle  called  Water- 
Soluble  is  a  good  aerosol  model  above  the 
Pacific  Ocean. 

In  respect  of  an  algorithm  of 
atmospheric  correction  we  draw  the 
conclusions  as  below: 

1)  Multiple  light  scattering  provides  us 
with  an  accurate  atmospheric  correction. 

2)  Computational  effort  to  process  an  image 
is  reduced  by  using  a  data  base  stored 
calculated  results. 

3)  In  practice,  reality  of  our  algc: ithm 
depends  on  the  model  atmosphere-ucean. 
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Fig. 3:  Image  processed  by  atmospheric 
correction  with  the  model {Water- 
Soluble, T|=0, 4,  fj=0.36,  w=2) 


Fig. 4:  Radiance  distribution  along  the 
solid  lines  in  Figs. 3. 


Fig. 5:  The  presumed  stream  line  between  1 
April  and  16  April. 
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A  new  approach  is  proposed  to  derive  the  altitude  variation 
of  path  radiance  for  SPOT  imageries  over  mountaineous  terrain . 
This  represents  one  of  the  major  steps  to  obtain  a  terrain 
reflectance  distribution.  As  the  water  body  has  lowest 
reflectance  for  IR  band,  the  IR  radiance  over  the  water  body  is 
commonly  used  for  estimating  the  path  radiance.  However,  in  the 
case  of  the  small  lake  surrounded  by  vegetation,  the  high 
reflectivity  of '  the  vegetation  i.i  near  IR  band  causes  the 
radiance  above  Che  lake  Co  be  brighter  in  the  near  IR  than  in  the 
visible  due  to  adjacency  effect  (Y.  J.  Kaufman,  IEEE  Trans.  Geos, 
and  Remote  Sensing,  26,  441-450,  1988).  On  the  other  hand,  the 
red  band  (10.61-0.68)lm)  has  very  low  reflectance  for  the 
vegetation  and  the  water  body  and  therefore,  is  better  than  near 
IR  band  for  estimating  path  radiance. 

The  main  feature  of  our  approach  is  to  get  a  better 
estimated  value  of  meteorological  range  in  LOWTRAN  6  code.  The 
exterior  orientation  parameters  of  the  SPOT  satellite  are, 
firstly,  determined  by  space  resection.  By  incorporating  the 
determined  orientation  parameters  with  DEM  and  the  satellj,e 
imagery,  the  ortho-image  is,  then,  generated  by  photogrammetric 
techniques.  The  ortho-image  is  overlaid  with  DBI  to  find  out  the 
altitude  profile  of  the  minimum  pixel  values.  Meanwhile,  by 
using  LOWTRAN  6  and  the  rawinsonde  data  taken  at  the  same  time,  a 
set  of  altitude  profiles  of  path  radiance  is  obtained  for 
different  values  of  meteorological  range.  The  best  value  of  the 
meteorological  range  is  determined  when  the  associated  path 
radiance  profile  intersects  only  once  with  the  altitude  profile 
of  the  minimum  pixel  values.  Now  that  the  path  radiance  is  known 
at  different  altitudes,  the  path  radiance  associeted  with  each 
pixel  in  the  image  is,  thus,  determined  through  the  corresponding 
DEM.  Two  SPOT  scenes  taken  on  October  3  and  4,  1986  in  northern 
Taiwan  are  analyzed  for  case  study.  The  study  area  covers  the 
size  of  7.8  km  x  10  km  with  the  altitude  range  between  200  m  and 
770  m.  The  pixel  values  in  small  lake  for  IR  band  are  either 
somewhat  greater  or  smaller  than  those  for  red  band.  On  the  other 
hand,  by  using  LOWTRAN  6,  the  path  radiance  of  IR  band  is  only 
about  50%  that  of  red  band.  In  other  words,  IR  band  can  not  be 
used  for  estimating  path  radiance.  Our  approach  can  resolve  this 
problem.  The  minimum  values  of  red  band  are  found  to  be 
18.38  w/ro2  -sr-^m  at  350  meters  and  33.84  w/m2  -sr-rtm  at  320 
meters  for  the  first  and  second  scenes,  respectively  and  the 
corresponding  meteorological  ranges  are  39  km  and  12  km.  The  fact 
that  the  minimum  pixel  values  are  located  at  sim,.  ar  altitudes 
suggests  the  consistency  of  cur  approach.  The  path-radiance 
profile  is  also  consistent  with  the  corresponding  rawinsonde 
data. 
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Abstract 

W)  i  te  Oiu.e-Read-Miiny  (WORM)  optical  disk  technology  Is 
now  practical  for  use  as  (1)  a  near  on-line  storage 
media,  (2)  long-ter*!  storage  in  a  passive  repository, 
and  (3)  under  some  circumstances,  transporting  from 
and  to  data -gencratui b  and  data  users  at  remote  sites. 
Optical  technology  ptovldes  several  significant 
advantages  over  magnetic  tapes  as  a  data  storage  media 
because  (I)  it  is  more  compact.  (2)  provides  random 
.irress,  (3)  has  a  longer  lifetime,  at  least  30  years, 
and  (4)  is  less  sensitive  to  environmental  factors 
sucli  as  temperature  and  humidity. 

The  Space  and  Computing  Division  now  has  2  major 
archival  projects  using  optical  technology  underway; 
(1)  the  Coastal  /tone  Color  Scanner  Data,  and  (2)  the 
Dynamics  K.spiorer  Data.  Both  projects  hitve  used  the 
Software  foi  Optical  Archive  and  Retrieval  (SOAR)  to 
transfer  data  in  a  volume  format  that  can  be  read 
transparently  by  VAX/VMS.  The  software  has  been 
tested  on  optical  drives  by  several  manufacturers. 
The  use  of  this  software  technique  provides  several 
advantages:  (t)  data  generators  and  data  users  do  not 
have  to  rewrite  extent  software  and  (2)  the  VAX/VMS 
Pilcs-il  volume  format  is  in  wide  use  so  that  it 
serves  as  an  Interim  "standard"  and  will  be  accessible 
in  the  long  term.  A  second  software  system,  the 
Virtual  Optical  Disk  (VOD) ,  is  under  development;  this 
provides  a  read/copy  capability  of  files  written  in 
diverse  formats  such  as  UNIX.  VAX/VMS.  and  the  Space 
Telescope  format . 


Introduction 

Four  optical  technologies  have  gieat  potential  for  the 
storage  of  and  ready  access  to  Image  data.  These  are 
1)  WORM  (Write  Once  Read  Many)  2)  CD-ROM  (Compact  Disk 
-  Read  Only  Memory)  3)  Erasable,  or  magneto-optic  4) 
optical  paper.  Of  these,  the  first  2  are  feasible  and 
file  coming  Into  use  for  scientific  data  applications, 
magneto  optic  Is  eminent  but  there  Is  yet  a  lack  of 
field  experience,  and  optical  paper  or  tape  Is 
currently  in  prototype  'leviceu . 

Experience  has  been  gained  during  the  last  4  years  at 
Goddard  with  the  use  of  WORM  optical  technology  for 
data  storage,  and  the  use  of  CD-ROM  has  now  begun. 
Both  technologies  are  proving  to  Increase  the 
availability  and  nlliity  of  large  science  data  sets. 
Remotely  sensed  Images  produce  large  data  sets,’  and 


for  which  both  WORM  and  CD-ROM  will  be  convenient, 
compact,  and  long-lived  media.  Because  these  media 
provide  random  access,  operations  siicli  as  image 
subsetting  are  facilitated. 

The  WORM  and  CD-ROM  are  complimentary  technologies 
which  huve  estnhlished  growing  mnrket  niches. 
Although  the  media  consist  of  visually  similar  disks, 
there  are  fundamental  differences  In  the  physical 
creation  of  the  disks  of  data  and  user  actions  taken 
to  create  the  disks.  Each  technology  has  application 
-dependent  advantages  and  disadvantages. 


Applications 

The  Goddard  applications  of  optical  technologies  began 
with  the  consideration  of  archiving  and  distributing 
data  from  the  Dynamics  Explorer  (DE)  satellite  DE  is 
a  2-sntelllte  system,  Inunched  in  1981,  tu  make 
correlative  measurements  of  solar-terrestrial 
interactions  with  a  variety  of  experiments.  The  data 
bases  associated  with  the  diverse  experiments  are 
large,  some  of  the  size  of  10s  of  Gigabytes,  and  have 
been  prepared  on  DEC  computers  using  VAX/VMS  Files  11 
structures.  The  University  of  To.xas  at  Dallas 
proposed  the  use  of  WORM  disks  to  archive  the  data  and 
to  facilitate  correlative  studies;  UTD  initiated 
development  of  a  technique  that  would  integrate  the 
WORM  drive  into  the  VAX/VMS  operating  system.  This 
resulted  In  the  development  of  SOAR.  Software  for 
Optical  Archive  and  Retrieval ,  by  the  National  .Space 
Science  Data  Center  (NSSDC).  At  present,  data  bases 
at  diverse  DE  sites  are  being  transferred  to  optical 
disks  for  data  interchange  and  archiving. 

SOAR  is  a  software  system  that  provides  the  capability 
to  produce  a  WORM  disk  in  a  magnetic  disk  emulation 
mode.  This  Is  enabled  In  several  phases.  The  first 
phase  is  the  SOAR  initialization  of  the  optical  disk. 
This  establishes  a  "pseudo-device"  with  the  directory 
to  the  files  located  on  magnetic  disk  and  reserves  an 
area  on  the  optical  disk  for  the  eventual  locution  of 
the  directory.  The  second  phase  is  the  write  cycle  of 
th«  a.oilcal  disk  As  files  are  copied  to  hiilld  the 
optical  disk,  the  directory  is  updated  on  magnetic 
disk  to  understand  the  new  files;  this  updating 
requires  overwriting  that  can  not  be  done  on  the 
write-once  media.  In  this  phase,  SOAR  Is  needed  to 
perform  the  write  operations;  however,  many  ordinary 
DCL  commands  addressing  the  pseudo-device  are  used, 
including  DCL  Read,  directory  inquiries  and  DCL  Copy 
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from  optical  to  mnenetlc  disk.  The  final  operation  is 
to  "closo"  the  optical  dlski  tills  transfer'*  the 
directory  on  magnetic  file  to  the  space  reserved  on 
the  disk  niid  disestablishes  the  pseudo -device. 
Thereafter  the  disk  and  drive  are  operated  as  any 
other  VAX/VM.S  Read-only  peripheral  i  the  full 
directory,  subdirectory  and  file  structure  of  Files  11 
is  available  to  the  user. 

The  present  version  of  .SOAR  contains  some  valuable 
enhancements.  A  .SOAR  label  and  a  label  checking 
option  is  available  for  the  optical  disk  to  prevent  a 
write  operations  going  on  to  the  wrong  disk.  The 
ne.xt  version  of  SOAR  will  Include  the  ability  to  stoie 
directories  "temporarily"  on  the  optical  disk  in  order 
to  serve  as  a  backup  in  the  event  of  corruption  of  the 
magnetic  disk  and  to  facilitate  interchange  of 
unclosed  disks  between  sites. 

The  Coastal  Zonal  Color  Scanner  (CZCS)  was  launched  on 
Nimbus-7  in  order  to  determine  the  feasibility  of 
measuring  biological  characteristics  of  coastal  and 
ocean  basin  waters.  This  data  proved  useful  for  a 
variety  of  scientific  questions  and  advances  in  data 
processing  technology  provided  capability,  so  NASA 
decided  to  process  and  archive  all  useful  data  t.aken 
during  the  eight  years  of  instrument  operation.  About 
700  gigabytes  of  CZC.R  data  on  28,000  tapes  have  been 
transferred  to  220  optical  disks  for  Improved 
nrcesslbll  ily  and  to  preserve  the  data.  From  these 
data  it  was  then  feasible  to  assemble  a  composite 
Image  showing  the  glob.il  biological  activity  in  the 
oceans  at  a  resolution  of  20  km,  compiled  from  the 
original  1  km  pi.Nols.  (Feldman  ot  al .  FOS,  in  press). 
This  was  accomplished  by  means  of  an  optical  Jukebox, 
using  SOAR  to  provide  tlie  Iiiterfuio  to  tlie  host  VAX 
and  some  additional  software  to  opeiate  the  Jukubo.x. 
Creation  of  this  image  would  not  li.tve  been  possible 
when  Nimbus  7  was  launched  In  1978. 

Ill  the  rn-RO.M  nroa.  .Jet  Propulsion  Laboratory  (JI'L) 
has  already  distributed  widely  Its  first  CD-ROK  of 
planetary  image  d.ita.  The  XSSOC  has  acquired  a  Cl)  ROM 
premasterliig  system  and  has  produced  its  first  CD-ROM, 
an  astroiiumicul  data  base  that  bad  hitherto  been 
stored  on  a  mainframe.  A  test  disk  of  Comet  Halley 
data  Is  being  prep.ired.  Cl)  ROM  Is  planned  as  the 
distribution  mode  to  the  international  Halley 
expiTimeiilers. 

1 .  Operational  Scenarios  for  CD  ROM  and  WORM 

Althougli  the  media  (disks)  look  very  similar  for  both 
CD-ROM  and  WORM,  the  processes  to  generate 
data  coni ciJiiiiig  disks  are  fundamentally  different.  A 
good  analogy  Is  that  WORM  compares  with  CD-ROM  as 
typing  a  manuscript  compares  with  printing  a  book. 
The  WORM  is  operated  by  a  science  user  writing  via  a 
husl  I  iimputer  in  much  the  s.tme  m<inner  as  a  science 
user  writes  to  a  tape  drive  or  a  magnetic  disk 
generating  one  WORM  disk  at  a  time.  For  CD-ROM,  data 
is  prepared  at  the  host  computer  site,  and  shipped  on 
magnetic  tapes  to  an  external  fnclUly.  The  external 
facility  replicates  CD-ROMs  in  quantity. 

Data  Is  written  on  a  WORM  disk  by  a  WORM  drive 
attached  to  the  science  datn  user's  host  computer. 
The  laser  head  of  the  WORM  drive  is  narrowly  focused 
to  heat  a  small  spot  on  the  media  and  alter  that  spot 
permanently.  The  equipment  is  operated  much  the  same 
as  any  other  computer  peripheral.  The  salient 
difference  between  WORM  and  magnetic  drives  is  that 
some  type  of  additional  software  integration  into  the 
host  operating  system  is  necessary  because  of  the 
Write-Once  nature  of  the  media,  specifically,  because 


directory  information  cannot  be  altered  as  files  are 
added;  often,  either  tape  emulation  or  magnetic 
emulation  1$  used.  Tape  emulation  mode  facilitates 
interchange  betwee))  diverse  host  computers. 

CD-ROM  disks  are  prepared  in  a  series;  of  steps. 
First,  data  to  be  put  on  CD-ROMs  is  pre^red  in  a 
standard  volume  forinat,  ISO  9660,  by  (cdiii*erc.tHl) 
premasterliig  software.  This  step  may  be  done  by  an 
externiil  siippl  ler  who  has  received  digital  data  tapes 
from  the  science  data  generator.  Then,  tiie 
volume  formiitted  data  is  shipped  on  miigiietic  tapes  to 
a  mastering  facility.  The  facility  generates  a 
master  and  produces  many  CD-ROMs  from  the  master. 

Worm  Technology 

Tlie  sizes  of  WORM  drives  were  standardized  to  tiie 
footprint  of  a  floppy  disk  and  drives. Thu  major 
)n.iimfHcturers  have  been  uclive  mainly  with  ."i  1.'4"  .and 
12"  drives  and  media,  with  some  Interest  In  14". 

As  of  this  writing,  there  has  been  no  further  progress 
toward  formal  standards  for  12"  drives.  The  lack  of 
standards  means  that  even  blank  disks  must  be  ordered 
speciflrally  for  a  drive  (unlike  floppy  disks), 
although  market  pressures  are  acting  to  reduce 
divergence  somewhat.  Additional  standards  appear  to 
be  eminent  for  5  1,'4"  drives. 

The  amount  of  data  that  can  be  put  on  a  disk  it 
directly  proportional  to  the  size  of  the  disk,  becanse 
the  ability  to  alter  a  surface  depends  on  the  power  of 
the  laser  diode  that  writes  to  the  disk.  The  current 
generation  of  optical  disks  permit  200  Megabytes  on  a 
5  1.'4"  disk,  and  1  Gigabyte  on  a  12"  disk,  hltbougb  a 
Sony  can  hold  1.6  Gigabytes  when  operated  In  the  CLV 
mode  (CuiisUtiil  Linear  Velocity).  The  11"  disk  holds 
3.4  Megabytes/side. 

CD-ROM 

The  Compact  Disk  -  Read  Only  Memoi'y  derives  from  llic 
success  of  the  CD-  Audio  market  for  the  distribution 
of  recorded  music  Tlie  development  of  a  standard  by 
major  vendors  was  and  Is  influential  in  the 
development  uf  the  media  as  u  publishing  media.  A 
second  major  driver  for  the  development  of  the 
standards  has  been  the  software  Industry.  Tiius,  the 
CD-ROM  now  has  both  physical  and  logical  standards 
that  are  unprecedriiteii  In  a  new  technology.  A  CD-ROM 
Is  a  5  1/4"  disk  containing  660  Megabytes  and  Is  read 
by  a  ril-ROM  player.  The  volume  format  Is  specified 
in  ISO  9660:  1980  (E),  "Information  processing  -- 
Volume  and  file  structure  of  CD-ROM  for  Information 
Interchange" 

To  date,  almost  all  of  the  applications  and  interfaces 
to  read  data  file.',  have  been  written  on  IBM  PC  class 
computers.  With  the  announced  support  of  botli  DEC 
and  Apple  Computer  for  ISO  9660,  this  may  change  soon. 

CD-ROM  disks  are  read  by  CD-ROM  players.  These  are 
Read-Only  devices  and’  are  very  similar  to  CD  Audio 
players  used  to  play  recorded  music  In  fact,  the 
mechanical  components  and  error  correction  codes  of 
these  two  typos  of  players  are  common.  Currently, 
CD-ROM  players  cost  from  $600  to  $1000;  the  "bottom" 
price  of  S249/drlve  is  project jd  soon.  If  a- SCSI  port 
is  not  available  on  the  host  computer,  an  personal 
computer  class  SCSI  controller  costs  nn  additional 
$600  and  a  VAX  class  about  $2000. 

Mastering  and  replication  are  available  from  several 
facilities;  mastering  a  CD-ROM  currently  costs  about 
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$1400  ;  each  disks  replicated  costs  about  S2  (for  a 
turnaround  time  of  5  days).  These  costs  huve  dropped 
considerably  in  the  last  year  due  to  the  hcncfits 
resultiiiE  from  a  larter  market.  The  overall  cost  per 
disk  decreases  with  increased  quantity,  thus  CD-RO,'!  Is 
a  publishinH  media,  with  the  overhead  costs  of 
masterine  (and  user  data  preparation)  offset  by 
quantity  production  of  disks. 

Future 

The  ne.xt  ip-neration  of  WORM  drives  and  disks  is 
eminent.  These  will  have  "double-density, 
double-speed"  capacities.  The  performance  and  cost 
parameters  for  12"  such  as,  write  data  rate,  read  data 
rate,  seek  access  timtf,  and  capacities,  will  vary 
according  to  manufacturer,  so  that  so  lection  may  be 
application  dependent.  Probably  the  12"  size  wil.l 
continue  to  be  the  most  significant  slaa  for  science 
itppli  eat  ions. 

The  production  of  CD-RO.M.s  is  c.xpectcd  to  continue 
tripling  each  year.  This  wtll  provide  an  extremely 
convenient  and  inexpensive  means  to  muss  distribute! 
scientific  data,  including  to  university  and  general 
public  libraries.  Each  .Megabyte  so  distributed  costs 
less  than  a  cent! 

Magnetu-uptic  technology  will  soon  be  widely  available 
and  wll)  fill  a  market  niche,  particularly  in  the  5 
i/4".  The  erasable  ability  of  this  media  will  ease 
system  integration  problems. 

"Multifunction"  .I  1./4"  drives  are  under  development. 
These  will  liave  the  capability  of  reading  CO-ROM, 
magneto-optic,  and  WORM  media.  and  writing 
magneto-optic  and  WORM  media. 

The  “optical  paper"  drive  may  be  significant  for  the 
capture  of  data  from  the  new  generation  of  satellites, 
as  the  plans  are  to  produce  drives  that  hold  ono  t.tpe 
containing  1  Terabyte  of  data,  with  an  average  access 
time  of  22  sees  and  a  sustained  transfer  rale  of  24 
Megabits/sec. 

The  poworfnl  capabilities  of  these  optical 
technologies  can  expedite  image  storage  and  retrieval 
remarkably 
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ABSTRACT 

Computer  compatible  tapes  are  widely  used  as  the 
media  to  exchange  remotely  sensed  data.  Due  to  tha 
spatial  and  spectral  resolution  enhancement  of  remote 
sensors,  the  amount  of  data  volume  per  scene  has  very 
much  increased.  As  well,  microcomputer-based  image 
analysis  systems  have  become  very  popular  during  the 
last  several  years,  but  the  CCT  is  not  a  convenient 
media  for  these  users  of  remote  sensing. 

This  paper  describes  some  experience  in  the  use 
of  an  optical  disk  storage  system  such  as  CD-ROM  and  the 
Si"  NORM  (Mrite-Once-Read-Many)  to  exchange  remotely 
sensed  data  at  CCRS. 

1.  INTRODUCTION 

Computer  compatible  tapes  are  commonly  used  by 
central  institutions  which  receive  the  satellite  data 
as  the  media  to  distribute  remotely  sensed  data  to 
users.  The  CCT  is  still  the  only  media  which  can  store 
large  amounts  of  data  at.d  which  has  an  industry  standard 
compatibility  between  various  tape  drives.  Due  to  the 
enhancement  of  spatial  and  spectral  resolution,  the 
total  data  of  a  scene  has  exceeded  the  current  capacity 
of  magnetic  tapes,  and  several  reels  of  magnetic  tapes 
are  now  required  to  cover  a  typical  scene  with,  for 
instance,  LAHDSAT  TM  (Table  1). 

Remote  sensing  data  on  CCTs  is  used  mostly  at  the 
operational  institutes  of  remote  sensing  which  would 
have  relatively  larger  computer  facilities  with  many 
magnetic  tape  drives.  Recently,  many  microcomputer- 
based  image  analysis  systems  have  become  popular,  but 
CCTs  are  not  a  convenient  media  to  these  users. 

Recent  technology  advancement  in  optical  disk 
storage  systems  such  as  CD-ROM  and  the  5}"  WORM,  which 
have  large  storage  capacities  such  as  300-800HB,  could 
resolve  these  media  problems  for  remote  sensing.  Drive 
costs  are  also  affordable  to  both  microcomputer-based 
and  main/mini  computer-based  users. 

At  CCRS,  we  have  examined  this  technology  as  the 
data  distribution  media  for  remotely  sensed  data. 

This  paper  will  discuss  both  our  experiences  in 
this  technology,  and  the  proposal  for  a  data  format  for 
remotely  sensed  data  with  DASD  (Direct  Access  Storage 
Device). 


2.  SMALL  OPTICAL  DISK  STORAGE  SYSTEM  AT  LDIAS 

At  present,  there  is  a  wide  variety  of  optical 
disk  storage  technology  available:  CD-ROM,  12"  MORM, 
8"  MORM,  and  5^"  NORM  are  exanples  of  available  media 
today.  Some  type  of  optical  disks  are  already  being 
used  for  image  data  bases,  because  of  their  huge 
storage  capacity. 

For  the  purpose  of  rmsotely  sensed  data  and 
information  excliange,  compatibility  of  media  and 
drives,  as  well  as  cost  of  data  replication  and 
distribution,  are  key  factors  to  the  users  of  remote 
sensing  independent  of  whether  they  are  using  - 
mainframe  computers  or  microcomputer-based  systems. 
From  these  points,  we  have  investigated  small  optical 
disk  technology  and  partly  implemented  it  on  LDIAS 
(LANDSAT  Digital  Image  Analysis  System)  at  CCRS 
(Goodenouqh  et  al,  1988). 

2.1  CD-ROM  Experience 

CD-ROM  drives  were  marketed  first  as  small  optical 
disk  systems  which  at  least  had  physical  standardiza¬ 
tion  to  some  extent.  Therefore,  we  conducted  an 
experiment  to  use  a  CD-RCM  as  a  medium  for  remotely 
sensed  data  exchange  (lisaka,  1987). 

The  advantages  of  CD-ROM  were:  (1)  Large  file 
capacity.  Typically,  a  CD-ROM  can  store  S50MB  and  this 
was  large  enough  to  store  a  full  TM  scene.  (2)  Low 
drive  cost.  The  price  range  was  affordable  to  the 
users  of  microcomputer-based  image  analysis.  (3) 
Standardization  of  CD-ROM  technology.  Hhen  we  started 
experiments  on  CD-ROM,  there  was  only  physical 
standards,  but  logical  standards,  i.e.  standardization 
of  voltime  and  file  format  was  later  established  as  ISO( 
9660. 3), (ISO  Manual,  1988).  Some  populeir  operating 
systems  for  microcomputers  provided  file  management 
functions  to  read  CD-ROM  (Microsoft,  1986).  (4) 
Reliability  of  media.  Conventional  CCTs  were  sensitive 
to  mechanical  shock  and  electric  fading  phenomena.  (5) 
Space  and  mailing  cost  saving.  Due  to  the  compact  size 
of  a  CD-ROM,  storage  sp...ce  and  mailing  costs  could  be 
dramatically  reduced. 

As  already  mentioned,  when  we  conducted  our 
experiment  with  the  CD-ROM,  there  was  no  standard 
logical  format.  Our  sample  CD-ROM  was  formatted  in 
conventional  MS-DOS  format  (Version  3.x)  after  dividing 
whole  CD-ROM  space  into  several  volumes  having 
logically  the  same  format  as  the  conventional  file 
format  of  the  day. 
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Due  to  CLV  (Constant  Linear  Velocity)  typo 
rotation  mechanism  of  CD-ROH  drive,  data  transfer  rate 
Mas  slower  than  conventional  hard  disks  (Table  2),  but 
our  experiment  took  about  30  seconds  to  display  a  S12 
X  512  of  3  channels  from  our  CD-ROM.  This  display  time 
was  quite  acceptable  compared  with  CCT,  which  required 
loading,  record  skipping,  rewinding  and  volume  handling 
times. 

The  major  disadvantage  of  CD-ROH  was  the  cost  of 
initial  mastering.  CD-ROM  replication  processes  assumes 
mass  replication  demands.  Unfortunately,  replication 
demands  of  remote  sensing  data  for  a  specific  scene  is 
not  too  great  so  as  to  take  advantage  of  this  low 
replication  cost. 

Fortunately,  writable  CD  has  emerged  which  has 
write-once  capability  and  can  be  read  by  conventional 
CD-ROM  drives.  This  technology  might  resolve  this 
disadvantage  of  the  CD-ROM  and  also  take  full  advantage 
of  standardized  CD  functions  (Hamada  ^  1989). 

2.2  Si"  WORM  Disks 

After  completing  investigations  of  CD-ROM  tech¬ 
nology,  NORM  (Hrlte-Once-Read-Many)  technology  was 
examined.  Currently,  the  NORN  medium  is  available  with 
5i",  8",  12",  or  14"  disks  and  smaller  disks  are  under 
development. 

Unfortunately,  when  we  started  this  investiga¬ 
tion,  very  little  caaqpatlblllty  had  been  established  for 
this  medium,  except  for  the  physical  specification  of 
the  Si"  NORM  cartridge.  This  was  one  of  the  reasons  why 
we  focused  only  on  the  Si"  HORN.  Physical  standards  for 
NORM  drives  have  now  been  established  for  the  Si"  media. 

In  OCRS,  Si"  NORM  technology  was  investigated  for 
two  purposes:  one  was  the  NORN  media  as  private  disk 
storage  and  the  second  was  the  HORN  as  the  media  for 
date  exchange  between  main/mjjii  frame  computer  and 
microcomputer-based  systems. 

Ideally,  the  NORM  cartridge  which  is  now  used 
routinely  as  a  private  disk  on  UDIAS  should  be  readable 
by  other  systems  such  as  mlcrocoa^uter-based  systmns. 
Much  of  the  logical  format  information  about 
conventional  disks  are  proprietary  to  manufacturers. 
There  is  also  no  format  standard  of  remote  sensing  data 
for  DASD.  So  we  determined  to  use  existing  data  format 
for  remote  sensing,  l.e.,  LANDSAT  LGSOHG  format. 

Remote  sensing  data  on  CCTs  were  read  onto  the 
NORM  cartridge  through  HAS-100,  which  emulates  a  tape 
drive  as  tape  images  on  an  as-it-is  basis.  He  are  now 
able  to  download  and  upload  data  sets  from  the  LDIAS 
(VAX-11/780)  and  a  full  TM  scene  could  now  be  stored  on 
a  side  of  HORN  cartridge.  The  NORM  cartridge  storing 
the  CCT  ixoages  is  transferred  by  hand  to  a 
microcoo^uter-based  image  analysis  system  which  has  its 
own  drive.  Image  extraction  programs  are  now  enployed 
only  for  further  memory  bound  analysis,  to  the  limits 
of  the  workspace  available. 

2.3  Results  ot  Experiments 

Data  downloading  time  to  a  tK>RM  through  the  HAS- 
100  was  about  11  minutes  per  a  CCT  (1600  bpl):  5 
minutes  for  tape  loading,  rewinding  and  unloading  and 
about  6  minutes  for  data  copy. 

Sub-image  extraction  time  at  the  IBM  PC/AT  from 
a  HORN  drive  took  1  sec. /line  for  3  channels:  there¬ 
fore,  to  extract  512  lines,  it  took  9  minutes. 


Through  our  experiment,  we  were  able  to  conclude 
that  NORM  madia  were  much  more  convenient  thcui  conven¬ 
tional  CCTs  and  with  their  portability,  an  ideal  media 
for  input  into  image  analysis  systenm  for  remote 
sensing.  Table  2  contains  NORM  and  CD-ROM  specifica¬ 
tions. 

3.  DATA  FORMAT  CONSIDERATION  FOR  OPTICAL  DISK  STORAGE 

In  our  experiment,  no  advantages  in  data 
processing  using  DASD  functions  were  considered,  such 
as  random  access.  Basically,  the  Si"  NORM  is  a  Direct 
Access  Storage  Device  (DASD).  Hith  the  advantages  of 
standards  for  the  physical  media  and  the  logical  format 
for  volume  and  file  structure,  these  have  been 
established  tluxiugh  the  efforts  of  the  isedia  and 
information  processing  industries.  The  task  which 
remains  in  the  remote  sensing  coonunity  is  to 
standardize  application-oriented  data  format  of  remote 
sensing  data  processing. 

Before  discussing  a  data  format  for  remote 
sensing,  a  sunmary  of  the  fundamental  requirements  for 
a  data  format  applicable  to  the  excheuige  of  remote 
sensing  data  will  be  given:  (1)  All  necessary  informa¬ 
tion  should  be  stored.  Types  of  information  required 
depends,  however,  on  the  user's  level  and  application. 
Some  users  require  detail  information  about  sensor 
calibration,  but  some  only  need  image  data  with  minimum 
header  information.  (2)  The  format  must  be  capable  of 
storing  large  amciuits  of  image  data,  and  it  must  be 
flexible  to  data  volume  changes.  Most  existing  image 
analysis  systems  require  definition  of  storage  space 
allocation  in  advance  and  this  is  an  inconvenience. 
(3)  Coopatibility  is  another  important  issue  regarding 
data  forma..  Data  format  information  should  not  be 
proprietary  and  should  be  published  with- easy  access  by 
the  public.  Ideally,  the  media  for  the  distribution  of 
remote  sensing  data  should  be  compatible  with  all  the 
media  and  reading  devices  manufactured  by  the  different 
coepanies.  (4)  The  logical  format  should  be  acceptable 
and  upward  cooqpatible  with  popular  operatii^-systems. 
(5)  The  format  should  be  flexible  allowing  future 
expansion  causing  minimum  impact  to  existing'systems. 
Addition  of  new  types  of  information  after  requires  a 
considerable  effort  to  modify  existing  image  analysis 
software.  The  need  for  program  modifications  and 
conversion  should  be  minimized.  (6)  The  format  must  be 
easy  for  data  export  and  import.  Most  existing  image 
analysis  systems  for  remote  sensing  use  their  own 
internal  image  data  format  and  provide  functions  to 
feed  remote  sensing  data  from  CCT,  but  few  data  export 
and  isport  functions  are  provided  between  image 
analysis  systems  and  other  data  processing  systems  such 
as  GIS  and  statistical  analysis  systems. 

Conventional  CCT  format  for  remote  sensing  such 
as  LGSOHG  ra  data  format  the  volume  content  and  files 
were  specified  by  remote  sensing  users  (Murphy,  1982), 
and  consequently,  most  of  these  file  management 
functions  are  now  provided  by  every  applications 
operating  system  today. 

Locations  of  files,  sizes  of  files,  date  of  file 
creation  and  types  of  files  are  managed  by  conventional 
operating  system  functions,  but  data  access  frequency 
is  dependent  on  the  type  of  information.  For  exaii(>le, 
image  data  itself  will  be  accessed  most  .''requently 
during  the  course  of  image  analysis,  and  image  hea^r 
information  is  needed  only  at  the  beginning  of  image 
analysis  sessions.  Image  look-up  tables  are  required 
just  before  image  display.  It  is  tlierafore  not 
necessary  to  include  all  information  of  different  types 
in  an  image  file  thus  increasing  transaction  speeds. 
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Proposed  here  is  a  data  format  of  remote  sensing 
applicable  to  optical  disks  as  DASDs,  and  the  following 
approach  has  been  taken: 

1.  Fully  employ  the  available  file  management 
functions  provided  by  popular  operating  systems. 

2.  Separate  an  image  data  set  into  different  files 
according  to  data  type  and  characteristics.  Header 
information  which  stores  image  and  pixel  sizes  in  a 
pixel  could  be  stored  separately  from  image  data. 

3.  Use  hierarchical  directory  functions  to  group 
specific  image  data  sets:  a  directory  at  higher  levels 
might  be  defined  according  to  the  sensor  type  employed 
such  as  LANDSAT  TH  data,  HSS  data  and  SPOT  HRV.  This 
directory  might  alternatively  be  defined  according  to 
a  specific  geographic  location  where  the  data  set 
consisting  of  multi-sensor  (pictorial)  and  data  like 
maps  (graphical)  are  grouped.  This  level  of  directory 
could  also  represent  a  specific  project  name.  The  next 
level  of  directory  could  be  defined  by,  for  example,  a 
specific  scene  number,  sub-image  niunbers,  or  image 
control  name  and  identification.  Of  course,  the  root 
directory  or  the  volume  name  could  be  used  for  scene 
identification,  if  the  media  does  not  store  many 
different  scenes. 

By  employing  this  hierarchical  directory 
structure,  specific  data  of  Interest  can  be  easily 
grouped. 

4.  Standardization  applied  just  to  naming 
conventions  for  files  and  file  extension.  Some  naming 
conventions  are  suggested  in  Table  3. 

5.  By  employing  the  simplest  data  structure  and  data 
format,  a  digital  image  of  two  dimension  would  be 
presented  by  a  two-dimensional  matrix  of  rows  and 
columns.  Most  of  the  image  analysis  programs  therefore 
would  only  process  this  data  type. 

Information  about  matrix  or  the  digital  image 
size  can  be  stored  in  a  separated  file  as  an  image  index 
file  or  a  header  file.  A  sub-image  could  be  stored  also 
in  matrix  form  at  the  same  level  as  the  parent  image. 
But  the  sub-image  would  have  a  different  image  index 
file  which  stores  sub-image  size  as  well  as  the  location 
of  the  sub- image  (Figure  2).  If  users  know  image  sizes 
or  image  size  is  fixed,  user  needs  only  this  image  body 
^*He. 

In  this  way,  modification  of  header  contents 
would  give  minimum  impact  to  the  existing  image  analysis 
program  modules.  The  basic  image  file  should  store  only 
the  single  band  image.  Multi-band  image  files  such  as 
BIL  and  BSQ  format  may  be  created  with  specific  file 
extension  names,  but  these  files  should  be  Interpreted 
not  as  basic  image  files  but  as'  a  file  which  was 
combined  a  set  of  basic  files. 

A  file  extension  can  be  used  to  identify  which 
spectral  band  is  stored  in  that  file  such  as  .BN4,  and 
a  file  storing  information  about  image  characteristics 
such  as  image  size,  bits  size  of  a  pixel  and  spectral 
band  ranges  might  have  file  extensions  like  .IHD. 

This  image  index  concept  has  been  iiif>lemented  on 
MCBIAS,  and  as  an  image  index,  it  is  not  a  large  file, 
and  information  content  is  specific  and  simple,  thus 
the  file  could  be  created  using  conventional  editor 
functions  of  the  operating  system. 


In  Table  3,  the  proposed  image. data  file  concept 
is  shown.  Advantages  of  this  format  are:  1) 

flexibility  to  image  size  and  the  addition  of  new 
information;  2)  ease  to  grouping  and  regrouping  data; 
3)  minimal  impact  on  the  existing  image  analysis 
package;  4)  ease  in  identifying  reguired  information 
for  a  volume;  5)  ease  of  export  and  transport  of  data 
to  other  systems. 

Complete  details  of  data  formats  for  each  record 
have  not  been  defined  yet.  The  concepts  to  separate 
image  data  froo  other  data  Information  to  give  data 
portability  between  different  image  analysis  systems 
has  been  partially  Isplemented. 

4.  CONCLUSION 

The  c^tlcal  disk  storage  system  is  definitely  a 
promising  technology  for  information  and  data  exchange 
of  remote  sensing,  emd  which  might  substitute  for 
conventional  CCT  media.  Data  format  cospatibllity 
needs  to  be  established  taking  into  account  file 
management  functions  provided  by  conventional  operating 
systems  of  host  computers.  The  suggestion  of  a  good 
starting  point  to  standardize  record  format  of  each 
file  with  structured  data  format  concepts  is  proposed 
here. 
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TABLE  1:  Data  Volume  of  Typical  Remotely  Sensed  Data 


MSS 

TTM 

HRV 

Pull  Scene 

-Storage  required  by 

a  single  band 

8HB 

35MB 

9MB  36MB 

-Number  of  bands 

4 

7 

3+1 

-Storage  required  by 

all  bands 

32MB 

245HB 

63MB 

-Minimum  niuiber  of 

1600  bpi  CCTs 

1 

10 

2 

512  X  512  Sub-scene 

-Storage  required  by 

a  single  band 

0.25MB 

0.25MB 

0.25MB 

-Storage  required  by 

1.00MB 

1.50MB 

0.45HB 

all  bands 

(4  bands)(6  bands)  (3  bands) 

TABLE  2:  CD-ROM  and  Sj 

”  WORM  Characteristics 

CD-ROM 

5i" 

NORM 

Memory  capacity 

552  MB 

800  MB 

1  Data  block  si2e  2048  bytes 

1024  bytes 

Access  Lime 

1  sec. 

0.12 

sec.  1 

Rotation  control 

CLV 

CAV/MCAV 

Data  transfer  rate 

176  KB/sec 

1.25  MB/sec. 

Data  error  rate 

<io‘’-'^ 

<10-^=*  1 

TABLE  3:  Hierarchical  Data  Format  of  Optical  Disks 
for  Remote  Sensing  and  Naming  Convention 

Directory 
Sub-Directory 
Examples  of  Name 

1.  Sensor  type  3.  Project 

2.  Geographical  Location  4.  Scene  ID 

File  Name 

1.  Scene  ID  4.  Title  of  File  Content 

2.  Project  (ex:  a  specific  type 

3.  Geographical  Location  of  Header  Format) 

5.  User  Convention 

File  Name  Extension 

1.  Image  Data  and  Type 

(Ex:  .BN4  band  4  single  image 
.BN7  band  7  single  image 
.HB4  band  4  image  in  16  bits 
•  BIL  BIL  data  fcrsv'^c  with  Index  file 
of  file  extensiun  .IND 
.BSQ  BSQ  image  data  with  an  index  file 
of  file  extension  .IND) 

2.  Image  Index  File 

(ex:  .IND  this  file  includes  image  size  and  Bits 
per  bite,  window  area  and  members  of  band  Images) 

3.  Header  File 

(ex:  .HDR  File  name  may  specify  specific  header 
type) 

LGSHG.HDR  stands  for  nmster  header 
information  of  LGSHG  data  format 

4.  Look-Up  Table 

(ex:  .LUT  Look-Up  table  for  that  file 
.LTR  Look-Up  table  for  red  gun 
•LTB  Look-Up  table  ior  blue  gun 
.LTG  Look-Up  table  f jr  green  gun 

5.  Calibration  Parameter  File  -  .CAL 

6.  Image  Pattern  Mask  File 

(ex:  .Mxx  training  fields,  etc.) 

7.  Histogram  of  image  files  with  extension  .HIS 

8.  Spectral  statistics  files  with  extension  .STA 

9.  Any  type  of  files  can  be  added.  For  example, 
image  description  files  with  .TXT. 


FIGURE  1.  Optical  Disks  for  LDIAS  and  HCBIAS 


FIGURE  2:  Hierarchical  Image  Data  Structure 
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INTRODUCTION 


Improvements  in  electron  beam  film  recording  technology 
make  possible  high  quality,  high  resolution  satellite  and 
aerial  imagery  at  throughput  rates  which  are  an  order  of 
magnitude  faster  than  other  recording  techniques.  The 
flexibility  of  an  electron  beam  recorder  when  coupled  with  a 
mini  or  microcomputer  controller  provides  an  extremely  cost 
effective  recording  solution  for  geometrically  and 
radiometrically  corrected  satellite  and  aerial  imagery  for 
receiving  stations  or  image  processing  workstations. 

LANDSAT  AND  SPOT  IMAGE  GENERATION 

A  minicomputer  controlled  Electron  Beam  Recorder  (EBR) 
is  presently  in  use  at  the  Brazilian  Government's  Institute 
De  Pesquisas  Espaclais  (INPE)  satellite  ground  station. 
This  5  inch  film  size  EBR  was  provided  by  Image  Graphics, 
Inc.  and  is  used  to  record  both  LANDSAT  and  SPOT  satellite 
imagery  in  South  America.  Table  1  gives  the  performance 
characteristics  of  the  Brazil  LANDSAT  SPOT  EBR. 

TABLE  1 


BRAZIL  LANDSAT/SPOT  EBR  PERFORMANCE 


FILM  SIZE 
IMAGE  FORMAT 

ADDRESSABILIT/ 

RESOLUTION 

BEAM  DIAMETER 

VIDEO  BANDWIDTH 

RASTER  RECORDING  RATE 

DENSITY  RANGE  DENSITY 

DENSITY  UNIFORMITY 

DEFLECTION  JITTER 

SCAN  LINE  SPACING  UNIFORMITY 

GEOMETRIC  FIDELITY 

CONGRUITY  OF  SEOUENTIAL  IMAGES 


127MM  (5")  WIDE 
115  X  136MM  (4.5"  X 
5.4") 

65K  X  65K 
18,000  X  21,000 
PIXELS 

5UM  (0.0002") 
lOMHZ 

2.5  MEGAPIXELS/SEC 

0.1  TO  2.1  DU 

.02  DU 

±2UM 

lUM  RMS 

0.01% 

SUM  (0.003%) 


Each  spectral  band  from  the  LANDSAT  or  SPOT  image 
sensors  are  recorded  as  latent  images  on  5  inch  wide  silver 
halide  film  in  the  EBR  and  then  processed  in  a  conventional 
manner.  Correction  coefficients  for  geometric  errors  caused 
by  satellite  orbit,  earths  rotation  and  sensor  configuration 
and  radiometric  calibration  for  sensor  errors  and  recording 
film  are  introduced  during  the  recording.  The  range  and 
degree  of  computer  control  corrections  available  while 
recording  are  listed  in  Table  2. 


TABLE  2 

BRAZIL  EBR  COMPUTER  CONTROLLED  CORRECTIONS  DURING  RECORDING 


CORRECTION  OR  CONTROL  RANGE  DISCRETE  LEVELS 

EXPOSURE  (FINE)  ±  10%  64 

VERTICAL  OFFSET  (COARSE)  ±  10.24MM  4096 

VERTICAL  OFFSET  (FINE)  ±  1.28MM  4096 

HORIZONTAL  OFFSET  +  10.24MM  4096 

SKEW  +  10%  (+  TAN  -1.1)  4096 

LINE  WIDTH  (SPOT  WOBBLE)  16UM  TO  18UM  256 

VIDEO  POLARITV  POSITIVE  OR  NEGATIVE  2 

VIDEO  CONTROL  -  256 

VIDEO  TRANSFER  LINEAR  OR  GAMMA  16 

CORRECTED  (.5  TO  2) 


Continuous  tone  composite  color  Images  are  produced  by 
exposing  selected  spectral  bands  of  imagery  through  a  color 
filter  onto  color  film  or  paper.  Each  spectral  band  is 
punched  in  the  EBR  during  recording  to  provide  pin 
resistratlon.  The  high  resolution,  recording  accuracy  and 
repeatability  of  the  EBR  enables  the  pin  resistrated 
spectral  bands  to  be  optically  enlarged  10  times  using  color 
filters  to  expose  40  inch  color  film  and  retain  the  fine 
spatial  resolution  of  the  original. 

The  recording  flexibility  of  the  EBR  enables  a 
significant  ground  station  cost  savings.  The  on  line 
corrections  introduced  during  the  recording  enabled 
corrected  output  recordings,  using  a  mini-computer 
controller  instead  of  requiring  a  main  frame,  for 
preprocessing  and  merging  the  image  data  to  be  recorded.  A 
schematic  overview  of  the  EBR  system  is  shown  in  Figure  1. 


I 

I 


EM  f  rSTEM  FOR  MAZN.  UNDIATO  OROUND  STATION 


Hgure  1,  EBR  FUNCTIONAL  AREAS 
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IMAGE  PROCESSING  WORKSTATION  RECORDING. 

The  EBR  has  additional  capabilities  which  enable  the 
recording  of  data  processed  by  image  processing 
workstations.  The  EBR  gamma  or  image  density  recording 
range  may  be  expanded  or  compressed  over  any  portion  to 
match  that  used  by  an  image  processor  to  record  the  entire 
view  of  the  overall  LANDSAT  or  SPOT  IMAGE  as  color 
separation  or  spectral  band  imagery.  Because  of  the  very 
high  resolution,  a  5  x  5  block  (or  move)  of  LANDSAT  or  SPOT 
IMAGES  which  have  been  digitally  merged  can  be  recorded  for 
a  synoptic  area. 


EBR  TECHNOLOGY  REVIEW 

The  electron  beam  recorder  is  analogous  to  a  faceless 
cathode  ray  tube  recorder  where  the  film  transport  has  been 
placed  Inside  the  vacuum.  Exposing  the  film  directly  with 
electrons,  which  eliminates  the  phosphor-coated  faceplate  of 
the  CRT  and  the  lens  which  projects  the  image  on  the 
faceplate  of  the  CRT  to  film,  removed  the  major  causes  of 
loss  of  image  quality  (resolution,  and  edge  acuity)  and  low 
exposure  intensity  which  effects  recording  speed.  The 
direct  exposure  of  silver  halide  film  from  a  high  energy 
(15-20kv)  electron  beam  has  thousands  of  times  more 
efficiency  than  exposure  by  light  or  laser  beam.  This 
enables  extremely  high  data  recording  rates  for  cost 
effective  throughput. 

Figure  2  is  a  schematic  layout  of  a  typical  EBR. 


BEAM  deflection 


Hgure  ^  SCHEMATIC  LAYOUT  OF  TYPICAL  EBR 


The  electron  gun  assembly  is  a  triode  structure  with  a 
directly  heated  thermionic  tungsten  cathode.  Small 
apertures  in  the  grid  and  anode  form  an  electron  beam  with  a 
low  divergence  angle.  The  electron  beam  is  accelerated  at 
15-20  Kilovolts  through  the  vacuum  drift  tube  and  through 
the  center  of  the  electromagnetic  focus  and  deflection 
coils.  The  beam  is  focused  by  the  static  focus  coil  into 
the  small  spot,  typically  4-5  microns  diameter  at  the  film 
plane  which  can  be  used  to  produce  an  image  on  a  5"  x  5" 
format  in  excess  of  30,000  x  30,000  pixels.  Dynamic  focus, 
dynamic  astigmatism  and  geometric  correction  circuits  are 
used  to  correct  for  spot  shape  and  image  geometry  as  the 
beam  is  deflected  with  the  deflection  yoke  over  the  biaxis 
image  format. 


X 


X 


The  electron  gun,  the  film  and  the  film  transport  are 
housed  in  a  three  stage,  differentially  pumped,  fully 
automatic,  fail  safe,  vacuum  system.  The  three  stage  vacuum 
system  supports  an  excellent  vacuum  for  the  electron  gun 
chamber  which  enables  thousands  of  hours  of  operating  life 
by  the  tungsten  cathode;  a  good  vacuum  at  the  film  plane 
thereby  avoiding  scattering  of  the  electron  beam  by  gas 
molecules;  and  a  poor  vacuum  in  the  film  transport  chamber 
which  allows  rapid  pump  down  (<3  min)  and  fast  access  (<lo 
sec)  for  a  250  foot  roll  of  film. 

Since  the  EBR  system  operation  is  fully  automatic  and 
under  computer  control,  no  specialized  training  of  the 
operator  is  required. 

During  the  past  14  years.  Image  Graphics,  Inc.  (IGI) 
has  made  numerous  advances  in  electron  beam  recorder  (EBR) 
technology  as  a  high  performance,  hard  copy  output  device, 
capable  of  recording  and  plotting  complex  imagery,  text  and 
graphics  on  a  variety  of  films  and  media  such  as:  direct 
recording  processless  film;  silver  halide  film  -  wet 
processed;  dry  silver  halide  film  -  heat  processed; 
dielectric  film  -  toner  processed;  and  electron  resists  - 
chemically  processed.  The  EBR  has  been  used  in  the 
production  of  Aerial  and  Satellite  Imagery;  Geophysical 
Seismic  Data;  Engineering  Documentation  and  Drawings; 
Computer  Output  Microfilm  (COM) ;  Cartographic  and  Graphic 
Arts  products;  Computer  Generated  Movies;  and  for  Computer 
Assisted  Data  Storage  and  Retrieval. 

The  EBR  is  capable  of  recording  both  vector  and  text 
data  from  Computer  Aided  Design,  Publishing  and  Line  Art 
Systems  and  raster  data  from  Image  Scanners,  Raster  Image 
Processors  (RIPS) ,  Halftone/Screen  Generators  and  Remote 
Image  Sensors.  A  variety  of  image  formats  may  be  recorded 
on  numerous  film  sizes  (I6mm,  35mm,  70>nm,  105mm,  5",  5  1/2" 
and  9  1/2") .  These  recordings  are  used  directly  or 
optically  enlarged  depending  upon  the  final  product. 


912 


DATA  COMPRESSION  OF  SPACEBORNE  REMOTELY  SENSED  IMAGERY 
FROM  COHERENT  AND  INCOHERENT  SENSOR  SYSTEMS 

S.  A.  MANGO  and  K.  W.  HOPPEL 

Radar  Division 
Naval  Resaarch  Laboratory 
Washington,  D.C.  20376-5000 
Tel  :  (202)  767-2003 
FAX:  (202)  767-6699 
TELEX:  89  27  78 


ABSTRACT 

Some  of  the  highest  data  rate,  highest  data  volume  systems  of  the  past 
decade  and  projected  for  the  next  decade  are  spaceborne  remote  sensing  Imaging 
systems.  These  Include  the  hlgh-resolutlon,  coherent  synthetic  aperture  radar 
(SAR)  systems  as  well  as  the  hlgh-resolutlon.  Incoherent  visual  and  IR  systems. 

Considerations  of  partial  or  complete  on-board  processing,  high  speed  data 
distribution  to  multiple  users  with  diverse  requirements  and  basic  data  archiving 
for  these  very  demanding  Imaging  systems  have  initiated  or  revived  many  data 
compression  Investigations. 

This  paper  presents  the  results  of: 

X.  a  critical  comparison  of  four  effective  data  compression  techniques  applied 
to  coherent  SAR  Imagery  and  Incoherent  visual  and  IR  imagery; 

g,.  a  study  of  the  effectiveness  of  data  compression  applied  to  SAR  data  at 
various  stages  of  processing:  pre-,mld-,  and  post-processing  and 

2..  a  new  variation  of  an  adaptive  discrete  cosine  transform  technique  to 
enhance  low  contrast  and  low  activity  areas  In  busy  scenes. 

X.  The  emphasis  Is  on  hlgh-compression  ratios  in  the  range  from  4-to-lto 
300-to-l  for  the  coherent  SAR  sensors,  SBASAT  and  SIR-B  and  the  Incoherent 
visual/IR  sensors  LANOSAT  TM  and  NOAAAVHRR. 

g.  The  raw  data  from  a  coherent,  SAR  sensor  system  are  more  like  a  complex 
interferogram  than  an  image.  Each  point  source's  energy  in  the  scene  domain  Is 
dispersed  over  a  very  large  area  In  the  raw  data  domain.  In  customary  SAR 
processing  a  two-dimensional  (range  and  azimuth),  or  more  often,  two  sequential, 
one-dimensional  match  filtering  process(es)  collapse(s)  the  spread  of  energy  from 
each  point  source  into  a  two-dimensional  radar  Image.  The  SAR  processing  steps 
provide  opportunities  for  the  application  of  data  compression  techniques  at  several 
stages  whether  the  processing  is  to  be  performed  on-board,  on  the  ground  or 
partially  in  both  places.  Data  compression  has  been  successfully  applied  to  SAR 
raw  data  (pre-processing  stage)|l|,  after  range  processing  (mid-processing 
stage)|2)  and  several  studies  to  Image  data  (post-processing  stage),  e.g.|3]. 
However,  conventional  data  compression  techniques  when  applied  to  SAR  raw  data 
or  range  processed  data  have  not  produced  comparable  results  to  their  application 
to  SAR  Image  data  for  the  same  compression  ratio,  apparently  because  the  raw  and 
range  processed  data  are  phase  sensitive  to  changes  In  the  reconstructed  data. 

This  paper  presents  a  critical  comparison  of  near-optimum,  lossy  data 
compression  techniques  operating  on  pre-,  mid-  and  post-processed  SAR  data  over 
the  large  compression  ratio  range  of  4-to-l  to  100-to-l.  The  techniques  include 


ii 


a: 


the  spatial  domain  vector  quantization  (VQ)  and  block  truncation  coding  (BTC)  and 
the  transform  domain  adaptive  discrete  cosine  transform  (ADCT)  and  adaptive 
Hadamard  transform  (AHT).  The  transform  techniques,  especially  the  ADCT,  were 
found  to  be  well-matched  to  the  SAR  specific  speckle  'noise”  characteristics  and 
the  very  large  dynamic  range  at  alt  stages  of  the  SAR  processing.  Performance 
measures  from  both  subjective  polling  of  different  viewers  and  quantitative 
measures  such  as  the  normalized  mean-square-error  (NMSE)  and  signal-to-nolse 
ratio  (SNR)  were  employed.  However,  the  Importance  of  applying  application 
specific  criteria  as  the  ”acld-test'  for  evaluating  data  compression  results  such  as 
the  ability  to  perform:  1.)  feature  classification,  or  2.)  change  analysis  Instead  of 
Just  3.)  simple  detection  of  features  is  demonstrated  with  SAR  Imagery  of  sea  ice. 

In  the  Chen  and  Smith  adaptive  coding  technlque,(4l  a  DCT  is  performed 
for  each  subscene  (block)  of  an  image.  The  transformed  blocks  are  sorted  into 
classes  by  activity  level  which  Is  measured  by  the  block  total  ac  energy.  Within 
each  class  bits  are  allocated  according  to  the  variance  matrix  of  the  transformed 
data  based  upon  an  analytical  optimization  of  the  MSE.  Bits  are  then  distributed 
between  higher  activity  levels  (busy)  and  lower  activity  levels  (quiet)  to  achieve 
the  adaptivity.  For  the  quiet  classes  this  generally  leads  to  fewer  retained 
transform  coefficients  and  a  lower  quantization  (bits/transform  coefficient) 
compared  to  the  busy  classes.  Although  the  Chen  and  Smith  method  produces 
excellent  results  for  several  Imagery  types,  it  is  naturally  biased  against  low 
contrast  areas  embedded  In  busy  or  mixed  activity  scenes.  This  Is  the  case  In 
ocean  and  coastal  scenes  in  which  the  body(les)  of  water  are  often  of  low  contrast 
and  low  relative  activity  but  which  may  be  the  target  areas  of  highest  Interest. 

A  new  variation  of  an  ADCT  technique  Is  described  and  illustrated  using 
SEASAT,  SIR-B,  LANDSAT  TM  and  NOAA  AVHRR  imagery.  This  technique  forms  the 
same  activity  classes  as  the  Chen  and  Smith  technique;  however,  it  forces  the 
number  of  retained  transform  coefficients  to  be  unlfc'm  for  certain  or  all  the 
activity  classes.  The  quantization  levels  of  the  bit  allocation  matrices  absorb  the 
major  burden  of  the  adaptive  compression.  The  effect  Is  to  retain  more  of  the 
high-frequency  content  In  the  low  contrast,  quiet  areas  so  that  subtle  contrast 
changes  In  the  original  are  usually  better  preserved.  A  small  penalty.  In  some 
cases,  of  a  slightly  Increased  NMSE  is  shown  to  be  offset  by  improved  visibility  of 
contrast  differences  in  the  quiet  areas  with  little  or  no  visible  differences  In  the 
busy  areas.  The  results  of  a  parametric  analysis  and  trade-off  for  the  number  of 
activity  classes  selected,  the  block  size  of  the  subscene  and  the  compression  ratio 
are  presented. 
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ABSTRACT 

Some  experiments  have  been 
conducted  to  investigate  a  potential 
ability  on  data  compression  of  earth 
observation  satellite  data  in 
particular,  imaging  sensor  data.  Two 
types  of  compression  algorithms, 
information  loss  less  and  information 
lossy  algorithms  have  been  attempted. 
Compression  ratios  for  both  algorithms 
were  2.24  and  224,  respectively,  for 
SPOT/HRV  data  of  Tokyo  Japan. 

1.  INTRODUCTION 

Advanced  Earth  Observing 
Satellite (ADEOS)  will  be  launched  with 
two  core  mission  Instruments  and 
Announcement  of  Opportunity(AO)  sensors 
in  1994  JFY.  One  of  the  core  mission 
instruments.  Advanced  Visible  and  Near 
Infrared  Radiometer (AVNIR)  has 
capability  to  observe  earth's  surface 
with  the  spatial  resolution  of  8(m)  for 
panchromatic  band  and  16  (m)  for 
multlspectral  bands  consistes  of  more 
than  5000  elements  of  CCD  array  results 
in  Increasing  of  the  data  rate  of  more 
than  120  Mbps.  As  for  the  ground  station 
of  ADEOS  data  acquisition,  recording 
archiving,  processing,  etc,  it  is 
required  to  Increase  throughput,  and 
archiving  capacity. 

Archiving  of  earth  observation 
satellite  data  is  getting  more  serious 
problem  due  to  the  fact  that  data  rate 
of  mission  Instruments  onboard  earth 
observation  satellites  is  getting 
higher.  Ground  station  operators  have 

been  inveetigeting  pcceibilitice  of  new 
mediae  such  as  optical  tape,  optical 
disk,  etc  and  of  data  compressions.  One 
of  active  committee  of  data  archiving, 
format  and  so  on  is  Committee  or.  Tarth 
Observation  Satellites  (CEOS )  /Wor.'clng 
Group  on  Data(WGD) .  In  the  committee 
although  new  mediae  have  been 
investigating,  not  so  many  data 
compression  algorithms  have  been  studied 


so  far  that  some  experiments  have  been 
conducted . 

Data  compression  algorithms  can  be 
devided  into  two  categories.  Information 
Loss  Less  and  Information  Lossy,  in 
other  words.  Reversible  and  Irreversible 
algorithms.  As  for  raw  imagery  data, 
orginal  Information  should  be  preserved 
so  that  information  loss  less  algorithm 
is  one  and  only  one  candidate  while  for 
quick  look  data,  not  only  information 
loss  less,  but  also  information  lossy 
algorithms  are  available  because  ixuige 
quality  degradation  is  pemitted  for 
utilization  of  quick  look  imagery  data. 

Firstly  data  compression  algorithms 
will  be  overviewed  followed  by  some 
descriptions  for  the  reversible 
predictive  coding (  information  loss 
less)  and  the  irreversible  predictive 
coding(  information  lossy).  Second 
results  from  the  experiments  with 
SPOT/HRV  data  of  Tokyo  Japan  will  be 
described  with  the  detailed  information 
on  parameters  of  the  experiments  such  as 
statistical  properties  of  the  original 
SPOT/HRV  data  used,  decimation  factor, 
and  so  on  together  with  data  compression 
ratios  for  a  variety  of  par2uneters. 

2.  Data  compression  algorithms 

2.1  Information  loss  less 

Fandamental  compression  techniques 
on  the  information  loss  less  coding  is 
Entropy (  Huffman)  coding (Ref . 1 ) .  The 
Huffman  coding,  however,  is  not  so 
efficient  in  terms  of  compression  ratio 
that  the  following  algorithms  have  been 
proposed.  For  multilevel  imagery  data, 
Rice  coding ( Ref .  2) ,  Bit  plane 
codlng(Ref .3) ,  etc  have  been  proposed 
while  for  natural  Images  with  many 

quantization  levels.  Differential 
entropy  coding,  Block  adaptive 
reversible  predictive  coding (Ref .4),  etc 
have  also  been  proposed.  As  for  data 
compression  algorithms  for  earth 
observation  satellites  data,  later  is 
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suetable.  In  terms  of  data  compression 
ratio,  in  general,  block  adaptive 
reversible  predictive  coding  is  superior 
to  differential  entropy  coding.  Thus  the 
block  adaptive  reversible  predictive 
coding  is  attempted. 

2.2  Information  lossy 

Information  lossy  algorithms  can  be 
dsvided  into  three  major  categories. 
Predictive  coding.  Transformation  coding 
and  Quantization(in  particular.  Vector 
quantization) .  The  predictive  coding 
containes  Differential  puls  code 
modulation(DPCM)(Ref.5),  etc  while  the 
transformation  coding  includes  Karhunen- 
Loeve  tran8formation(Ref . 6 ) ,  Fourier 
transformation (Ref . 7 ) ,  Walsh-Hadamard 
tran8formation(Ref . 8 ) ,  Slant 

tran8formatlon(Ref . 9 ) ,  Cosine 

tran8formation{Ref .10) ,  Piramid 

structural  Hadamard 

transformation(Ref .11) ,  etc.  On  the 
other  hand.  Vector  quantization  coding 
has  a  variety  of  combination  with  cosine 
transformation (Ref . 12 ) ,  quantization 
speed  acceralat^  coding(Ref .13) ,  and  so 
on. 

Data  compression  ratio,  in  general, 
spends  upon  acceptable  image  quality 
gradation,  statistical  property  of 
ginal  imagery  data,  etc.  In  this 
study  commonality  with  infoimiation  loss 
less  algorithm,  reversible  predictive 
coding,  irreversible  predictive  coding 
has  been  attempted. 

2.3  The  reversible  predictive  coding 

Algorithm  of  the  reversible 
predictive  coding  is  as  follows, 

(1)  Partitioning  an  original  image  with 
8x8  pixels  blockes. 

(2)  Calculation  of  prediction  errorjo  of 
each  pixel  in  the  block  of  interest  by 
means  of  the  following  equation . 


e  >•  2  X  -  (XI  +  X2)  (1) 


i  -  {  0 

if 

S(f)<C 

2.62x64] 

1 

if 

t 

2.62x64]<S(f)<[ 

4.68x64]. 

2 

if 

[ 

4.68x641<S(f)<[ 

8.82x64] 

3 

if 

1 

8.82x64]<S(f)<[ 

17.13x64] 

4 

if 

1 

17.13x64]<S(f)<( 

33.73x64] 

5 

if 

1 

33.73x64]<S(f )<[ 

65.15x64] 

6 

if 

[ 

65. 15x64]<S(f)<[105. 00x64] 

7 

if 

[105.00x64[<S(f) 

where  S(f)  is  summation  of  g  within  a 
block  while  [  y  ]  denotes  Gauss  symbol, 
an  integer  part  of  y. 

(5)  Encoding  f  with  the  following 
equation . 


i 

[(f-l)/2  ]  bit 

< - > 

f  —>l  1 . 1 

j  bit  (binary  expression  of  h) 

- - - 

. . X  (5) 

where  h  -  (f-1)  -  [(f-l)/2^]  2^ 

i  i 

j  -  (  i  if  {[(f-l)/2  1  +  1>  2  “256 

i  +  1  else 

(7) 


2.4  The  irreversible  predictive  coding 
The  algorithm  of  the  irreversible 
predictive  coding  is  as  follows, 

(1)  partitioning,  calculation  of 
prediction  error  and  shrinking  of  the 
prediction  error  are  exactly  same  as  the 
afonnentioned  algorithm. 

(2)  Quantization  of  the  shrinked 
prediction  error  into  16  levels  by  means 
of  the  following  equation. 


whe;:e  X  denotes  pixel  value  of  interest, 
XI  is  the  pixel  value  of  just  one  pixel 
ahead  of  the  pixel  of  interest  while  X2 
is  the  pixel  value  of  just  one  pixel 
above  the  pixel  of  Interest. 

(3)  Shrinking  of  the  prediction  errors 
by  means  of  the  following  equation. 
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-  g 
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255 
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0 
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+  e 

if 

e  < 

0 

(4)  Derive  an  encoding  parameter  i 


if  q  >  16, 


(3)  Huffman  coding  is  applied  to  the 
quantized  data  q. 

3.  Results  from  experiments 

3.1  SPOT/HRV  data  used 

SPOT/HRV  panchromatic  band  data  of 
Tokyo  Japan  is  used.  Small  portion  of 
the  image  used  is  indicated  in  ^i9>l 
while  description  of  the  image  used  is 
shown  in  Table  l. 

3.2  Statistics  of  prediction  error 

As  for  data  compression  of  quick 
look  images,  it  is  still  useful  if 
decimations  is  applied  to  the  original 
imagery  data  so  that  statistics  for 
prediction  errors,  firstly,  is  studied. 


The  statistics  with  the  range  of 
decimation  factor  from  1  to  10,  are 
shown  in  Table  2  and  are  indicated  in 
Fig. 2. 


Table  1  Description  of  SPOT/KRV  panchromatic  band  data  used 


Item  I  Description 


Acquisition  date 

Oct. 17  '86 

Scene  center  time 

01j35:11(UT) 

Scene  center  location 

3St23:07(M)  -  139t37:37(E) 

Grid  reference 

331  -  279 

Image  size 

6316  pixels  by  6004  lines 

Image  size  used  for 

1200  pixels  by  1200  lines 

experiments 

(Top  left  comer  of  the  image) 

Fig.l  A  portion  of  the  SPOT/HRV  panchronutlc  band  data  used 
for  the  experiments  on  data  compression. 


Table  2  Statistics  of  prediction  error 


prediction 

decimation 

error 

factor 

1 

2 

3 

5 

10 

0 

.177 

.114 

.092 

.071 

.061 

1 

.274 

.194 

.164 

.138 

.115 

2 

.172 

.144 

.130 

.115 

.102 

3 

.115 

.110 

.103 

.099 

.090 

4 

.080 

.086 

.086 

.084 

.081 

5 
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.070 

.072 
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.071 

6 

.038 
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7 

.026 
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.018 
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.047 
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9 

.012 
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.036 

.041 

.045 

10 

.008 

.023 
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.035 

.040 

11 

.006 

.018 
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.033 

12 

.004 

.014 

.020 
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.027 

1  0 

•  003 
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.Qlo 
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14 

.002 

.009 

.013 

.016 

.024 

15 
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.010 

.015 

.018 

16 

.001 

.006 

.009 
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.015 

average 

35.0 

34.8 
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35.0 
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variance 
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79.6 

79.9 

917 


o 

•rl 

u 

c 

0 

<f4 


(0 

C 

o 

V 

•rl 

H 

•H 


A 

It) 

A 

O 

h 

PK 


1988-06-08 


Fig. 2  Probability  density  function  of  prediction  error 


3.3  Data  compression  ratio 

3.3.1  The  reversible  predictive  coding 
In  terms  of  data  compression  ratio 

Cr  defined  as  the  following  equation/ 

2.24  can  be  achieved  for  the  imagery 
data  used. 

Cr  =  n  X  m  X  b  /  c  jgj 

where  n,  m  are  image  size(n  pixel  by  m 
line)/  b  is  quantization  bit,  and  c  is 
the  number  of  coding  bit. 

3.3.2  The  irreversible  predictive  coding 
Data  compression  ratios  of  the 

coding  algorithm  with  the  parameter  of 
the  decimation  factors  from  1  to  10  are 

shown  in  Fig. 3  and  Table  3. 


4.  Concluding  remarks 

As  for  quick  look  Imagery  data 
catalogue,  image  database  is  required. 

In  order  to  save  the  space  for  the 
database,  not  only  new  mass  medias  with 
high  access  speed,  but  also  data 
compression  is  taken  into  account.  For 
this  purpose,  information  lossy 
algorithms  are  applicable.  The 
experimental  results  show  that  224  of 
data  compression  ratio  can  be  achieved 
with  the  dscimaticr.  factor  of  10,  for 
SPOT/HRV  panchromatic  data  by  means  of 

Table  3  Data  compression  ratio 
coding 


the  irreversible  predictive  coding. 

Meanwhile  information  loss  less 
coding  algorithms  are  applicable  for 
space  saving  of  archiving  of  raw  and 
processed  data.  The  experimental  results 
also  show  that  2.24  of  data  compression 
ratio  can  be  achieved  for  the  same  data 
by  mean  of  the  reversible  predictive 
coding . 

Further  investigation  is  required 
for  a  variety  of  algorithms  and  imagery 
data. 
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Fig. 3  1/Cr(data  compression  ratio)  as  the  function  of  decimation 
factor 
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Noiseless  image  compression  is  an  essential  technique  for 
reducing  transmission  bandwidth  and  data  storage  requirements 
for  sensor  systems  requiring  total  fidelity  to  the  original 
sensor  data.  An  effective  technique  for  noiseless  compression 
of  all  image  data  has  been  developed  from  the  techniques 
applied  to  the  Voyager  II  Uranus  encounter. 

The  algorithms  developed  and  published  by  Robert  F.  Rice  of 
Jet  Propulsion  Laboratories  (  hereafter  the  JPL  algorithms  ) 
for  Voyager  II  image  compression  rely  on  encoding  small  image 
blocks  with  members  of  a  family  of  simple  predefined  codes. 
Because  the  codes  are  not  developed  ad  hoc  at  the  encoder 
(  as  are  huffman  codes  )  they  are  necessarily  not  optimum  for 
the  individual  blocks  being  encoded,  but  because  the  most 
applicable  coder  can  be  selected  for  each  block  from  the 
family  available,  each  block  will  be  reasonably  efficiently 
encoded.  Furthurmore,  since  there  is  little  overhead  involved 
in  changing  codes,  the  image  blocks  processed  with  a  coder 
can  be  very  small,  allowing  rapid  changes  in  coder  choice  to 
match  varying  image  characteristics.  This  ability  to  change 
coders  frequently  (  as  often  as  every  eight  or  sixteen  pixels  ) 
enhances  performance  so  much  that  the  overall  compression 
result  is  usually  a  data  set  smaller  than  the  inherent  entropy 
of  the  image  taken  as  one  block.  For  example,  an  image  of  a 
simulated  mars  landing  site  with  an  image  entropy  of  6.98  bits 
per  pixel  and  a  differential  image  entropy  of  4.00  bits  per 
pixel  was  compressed  to  3.72  bits  per  pixel  with  a  software 
implementation  of  the  current  algorithm. 


The  current  algorithm  is  a  refinement  of  the  JPL  algorithm  set 
based  on  research  for  a  proposed  mars  sampling  rover  mission. 

It  involves  a  family  of  encoders  with  effective  operating  points 
at  integer  entropies:  one  coder  operates  well  on  data  sets  with 
no  entropy  (  each  difference  image  pixel  must  be  zero  ) ,  one 
operates  well  on  blocks  with  entropies  of  one  bit  per  pixel, 
one  on  blocks  with  entropies  of  two  bits  per  pixel,  and  so  on 
up  to  the  dynamic  range  of  the  sensor  (  a  sensor  producing  a 
stream  of  eight-bit  numbers  cannot  produce  a  data  set  with 
entropy  exceeding  eight  bits  per  pixel  ) .  The  encoders  are 
applied  to  four  pixel  by  four  pixel  blocks  of  a  difference 
image,  and  the  map  of  encoders  used  is  further  compressed  and 
included  as  overhead. 

Effective,  efficient  and  simple  noiseless  image  compression  has 
implications  beyond  noiseless  compression,  since  even  transform- 
based  compression  schemes  leading  to  Inexact  image  reconstruction 
involve  exact  (  noiseless  )  encoding  of  quantized  transform 
coefficients.  Effective  inexact-reconstruction  compression  schemes 
without  orthonormal  basis  transformations  have  also  been  developed 
from  the  noiseless  encoding  algorithm. 

The  algorithm  developed  for  the  proposed  Mars  Rover  Sample  Return 
mission  has  been  designed  specifically  with  simple,  low-cost, 
low-power  hardware  implementation  in  mind.  A  proposed  AVLSI 
implementation  would  require  40,000  transistors  for  logic 
functions  and  eleven  seperate  FIFO  memories  for  pixel  line 
buffers. 
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ABSTRACT 

DATA  COMPRESSION  ON  THE  MARS  ROVER 
SAMPLE  RETURN  MISSION 

Dr.  Nicholas  Beser 
and 

Kristo  Miettinen 

General  Electric 
M2412 

230  Goddard  Blvd. 

King  of  Prussia,  PA 
U.S.A.  19406 

Phone:  (215)  354-2814  or  (215)  354-5713 

FAX:  (215)  354-2226 

The  Mars  Rover  Sample  Return  mission  will  orbit  an  observation  plat¬ 
form  around  Mars,  survey  potential  landing  sites,  and  determine  the  ex¬ 
pected  terrain  for  both  landings  and  robotic  exploration  of  the  planet.  A 
cornerstone  of  the  mission  is  the  ability  to  predict  the  nature  of  the  target 
area  by  remote  sensing  means.  The  resolution  of  the  sensor  data  will  sur¬ 
pass  any  previous  interplanetary  probe.  Projected  resolution  could  achieve 
0.25  meters  per  pixel.  The  high  resolution  coupled  with  potential  orbital 
configurations  indicate  a  very  high  data  rate  from  the  sensor.  The  data 
rates,  and  potential  data  volume  of  the  target  scene  suggest  that  either  an 
extremely  large  on  board  memory  will  be  required,  or  a  data  compression 
system  will  be  used  to  reduce  the  storage  requirements.  In  addition,  the 
data  communications  channel  between  Mats  and  Earth  will  be  an  effective 
lOOKBits  per  second  when  taking  into  account  error  correcting  codes.  This 
indicates  that  the  time  period  for  transmission  is  too  short  to  send  the 
uncompressed  data. 

Data  compression  hsis  been  used  in  this  study  as  a  focal  point  for  in¬ 
vestigating  many  of  the  system  issues  involved  with  trades  between  the 
sensor  platform,  communications,  data  handling  subsystem,  and  user  ap¬ 
plications.  The  impact  of  sensor  configurations,  data  collection  scenarios. 
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and  orbital  configurations  have  been  traded  against  compression  hardware 
designs.  The  effect  of  communication  errors  on  image  reconstruction  as  well 
as  protocol  control  of  the  data  handling  subsystem  has  been  investigated. 
Finally,  different  compression  algorithms  have  been  studied  for  potential 
flight  implementation.  The  study  included  simulated  Mars  landing  scene 
compression  and  reconstruction  to  determine  the  effect  on  image  quality. 
Data  compression  algorithms  included  Variable  Bit  Rate  Zonal  Compres¬ 
sion,  Scene  Adaptive  Compression,  and  Noiseless  Encoding  Methods. 
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IHS  TRANSFORM  FOR  THE  INTEGRATION  OF  RADAR 
IMAGERY  WITH  GEOPHYSICAL  DATA 


INTERA  Technologies  Ltd./CCRS 
J.  Harris  and  R.  Murray 


ABSTRACT 

The  IHS  (intensity-hue-saturation)  transform  is  a  powerful 
technique  fur  the  integration  of  digital  data.  This  paper  briefly 
reviews  the  theory  behind  the  IHS  display  technique  and 
illustrates  how  it  can  be  applied  for  integrating  radar  and 
geophysical  data.  The  resulting  IHS  transformed  colour  images 
show  textural/topographic  information  provided  by  the  radar  as 
a  function  of  image  intensity,  combined  with  hue  (colour) 
information  provided  by  the  geophysical  data.  The  transformed 
images  provide  a  wealth  of  geological  information  and  are 
suitable  for  both  qualitative  and  quantitative  analysis. 

KEYWORDS:  IHS,  data  integration,  radar,  geophysics 

1.0  INTRODUCTION 

Concomitant  with  the  increase  in  computer  image  analysis 
and  Geographic  Information  System  (GIS)  technology,  more 
emphasis  today  is  being  placed  on  the  digital  integration  of 
diverse  data  types  (Aarnisalo  et  al.,  1982;  Haydn  et  al.,  1982). 
Data  integration  is  obviously  not  a  new  concept  and  has  been 
pursued  for  many  years  on  an  analog  basis  in  many  earth 
science  disciplines.  However,  rapid  advances  in  image  analysis 
hardware  and  software  have  allowed  for  greater  flexibility  and 
new  techniques  for  combining  and  integrating  digital  data. 

Commonly  remotely  sensed  data  such  as  Landsat  MSS  is 
displayed  on  a  video  monitor  using  the  additive  primaries  red, 
green  and  blue  (RGB)  or  recorded  on  a  plotting  device  through 
the  mixture  of  the  subtractive  primaries  yellow,  cyan  and 
magenta.  The  RGB  system  is  intuitively  simple  and,  in  many 
cases,  effective  for  displaying  a  maximum  of  three  image 
channels.  However,  it  is  often  difficult  to  perceive  subtle 
differences  in  colour  using  this  system  and  a  quantitative 
description  of  colour  is  difficult  to  achieve. 

A  more  appropriate  colour  display  system  would  allow  for 
the  linear  mapping  of  the  data  to  orthogonal  variables.  A  colour 
system  that  allows  for  this  type  of  mapping  is  the  IHS  colour 
transform.  The  IHS  system  has  been  much  discussed  (Pratt, 
1978;  King  et  al.,  1984;  Gillespie,  1980;  Buchanan,  1979)  and 
various  appiitaiions  fur  the  display  of  reiuulcly  sensed  data 
using  this  colour  display  transform  have  been  demonstrated 
(Haydn  et  al.,  1982,  Daily,  1983;  Raines,  1977;  Kruse  and 
Raines,  1984;  Gillespie  et  al.,  1986;  Robertson  and  O’Callaghan, 
1988).  This  paper  describes  how  the  IHS  transform  can  be  used 
as  a  technique  for  integrating  radar  with  airborne  geophysical 
data  (magnetics  and  gamma  ray  spectrometer)  providing 


imagery  in  which  image  colour  (hue)  can  be  interpreted  in  both 
a  relative  and  absolute  sense.  Radar  imagery  is  used  as  a  base 
product  for  integration  for  a  number  of  reasons.  Much 
emphasis  is  being  placed  on  radar  as  an  effective  tool  for  earth 
sensing  and  observation  as  many  countries,  including  Canada 
(RADARSAT),  US  (SIR-C),  Europe  (ERS-1)  and  Japan  (JERS- 
1),  are  now  actively  involved  in  the  development  of  space  borne 
radar  systems.  Radar,  because  of  its  side  viewing  geometry  and 
longer  wavelengths  which  results  in  an  all  weather  sensing 
capability,  has  established  itself  as  an  extremely  effective  sensor 
for  earth  observation,  as  a  unique  view  of  the  terrain  can  be 
achieved,  making  it  useful  for  a  variety  of  geoscience  studies  in 
which  information  regarding  terrain  geometry  (topography), 
surface  roughness  and  moisture  content  are  important  variables. 
The  enhancement  of  terrain  morphology  is  critical  for  geological 
applications  as  topographic  patterns  often  reflect  underlying 
geologic  structure  and  lithology. 

2.0  METHODOLOGY 

A  plethora  of  colour  co-ordinate  systems  have  been 
developed  over  the  past  40  years,  most  of  which  have  been 
developed  to  quantify  colour  photographs  and  predict  human 
perception  (Gillespie,  1980).  Although  the  RGB  colour  system, 
commonly  used  to  display  three  channel  remotely  sensed 
imagery,  is  simple  and  often  effective,  a  number  of  shortcomings 
exist  as  summarized  by  Robertson  and  O’Callaghan  (1988).  The 
RGB  system  is  not  based  on  readily  definable  colour  attributes 
and  therefore,  colour  variations  as  defined  by  the  mix  of  red, 
green  and  blue  primaries  are  not  always  easy  to  perceive  and/or 
to  describe  numerically.  This  results  in  displays  in  which  the 
numerical  characteristics  of  the  data  are  not  represented  by 
uniform  colour  gradations. 

An  effective  display  co-ordinate  system  which  can  overcome 
many  of  these  shortcomings  is  the  IHS  transform,  which  is 
defined  by  three  separate,  orthogonal  and  easily  perceived 
colour  attributes,  that  of  intensity,  hue  and  saturation. 
Geometrically,  the  RGB  system  can  be  represented  as  a  cube 
with  the  red,  green  and  blue  axes  defining  the  x,  y  and  z  vectors 
respectively.  The  IHS  co-ordinate  system  can  be  represented  as 
a  cylinder  or  a  sphere.  Iiileiisity,  wlilui  represents  the  total 
energy  or  brightness  of  the  image,  defines  the  vertical  axis  of 
the  cylinder,  or  the  radius  of  the  sphere,  while  hue,  which 
represents  the  average  wavelength  of  colour,  defines  the 
circumferential  angle  of  the  cylinder  or  sphere,  and  ranges  from 
blue  (0  degrees)  through  green,  yellow,  red  arid  purple  (360 
degrees).  Saturation  can  be  thought  of  as  the  purity  of  the 
colour  (i.e.  percentage  of  white  light  in  the  image)  and  defines 
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the  colatitude  of  the  sphere,  or  the  radius  of  the  cylinder.  The 
mathematics  involved  in  the  transform  from  cartesian  (RGB)  to 
spherical  or  cylindrical  (IHS)  co-ordinates  are  reviewed  by 
Gillespie  (1980)  and  King  et  al.  (1984),  while  Haydn  et  al. 
(1982)  provide  a  general  descriptive  review  of  the  IHS  system. 

The  advantages  of  the  IHS  co-ordinate  system  over  the 
RGB  system  are  that  the  informative  aspects  of  an  image  are 
presented  using  readily  identifiable  and  quantifiable  colour 
attributes  that  can  be  distinctly  perceived.  Secondly,  numerical 
variations  in  the  image  data  can  be  uniformly  represented  in  an 
easily  perceived  range  of  colours  and,  thirdly,  individual  control 
over  the  chromatic  (hue)  and  achromatic  (saturation) 
components  of  the  image  is  possible.  Furthermore,  mapping 
different  data  types  into  the  ’HS  colour  space  can  produce  more 
complex  images  in  which  ariables  with  diverse  information 
content  can  be  represented  by  different  colour  attributes.  It  is 
also  possible  to  produce  images  which  are  a  combination  of 
more  than  three  channels,  thus  providing  more  information  in 
the  resultant  colour  composite  image  after  transformation  back 
to  RGB  space  for  display  on  a  video  monitor. 

Se\erai  hardware  and  software  components  were  employed 
to  create  the  images  and  perform  the  analysis  described  below. 
A  computer  image  analysis  system  and  associated  software, 
available  from  Dipix  Technologies  Ltd.  (ARIES-lII),  the  Film 
Image  Recorder  (FIRE)  from  MacDonald  Dettwiler  and 
Associates,  and  software  written  to  perform  colour  space 
conversions  written  by  Intera  Technologies  Ltd.  were  all  used 
to  generate  the  examples  of  colour  composite  imagery  shown  in 
this  paper. 

The  software  used  three  related  IHS  type  transformations, 
one  based  on  a  spherical  mathematical  model  and  two  based  on 
cylindrical  transformations.  The  transformations  are  discussed 
in  the  full  version  of  this  paper  which  is  presently  in  press 
(Harris  et  al.,  1989). 

Two  examples  of  integrated  radar  and  airborne  geophysical 
data  of  eastern  Nova  Scotia  are  shown  and  their  value  for 
geological  mapping  activities  are  summarized.  Figure  1  is  a 
flow  diagram  summarizing  the  steps  required  to  produce  the 
IHS  transformed  imagery  discussed  in  this  paper. 

3.0  INTEGRATION  OF  RADAR  AND 
GEOPHYSICAL  DATA 

The  IHS  transform  is  an  effective  technique  for  integrating 
radar  data  with  diverse  data  types  such  as  airborne  geophysical 
data,  providing  imagery  which  displays  a  unique  and  often  very 
informati"e  "picture"  of  the  earth’s  surface  and,  in  the  case  of 
airborne  magnetics,  subsurface  characteristics.  Particularly 
important  when  producing  these  IHS  combined  images  is  the 
assignment  of  hue,  as  this  will  provide  image  colour  which  can 
be  directly  related  to  an  absolute  measurement  scale. 

Figure  2  is  an  IHS  transformed  colour  composite  image 
(shown  in  black  and  white  -  see  Harris,  1989  for  colour  version) 
which  is  a  combination  of  an  airborne  radar  image  and  a  single 
channel  digital  vertical  gradient  magnetics  image  over  eastern 
Nova  Scotia.  The  C-band  radar  data  was  acquired  by  the 
Canada  Centre  for  Remote  Sensing  (CCRS)  in  wide  swath 
mode  spanning  a  range  of  incidence  angles  from  45  to  80 
degrees.  Further  details  on  the  CCRS  C-band  radar  system  are 
given  in  Livingstone  et  al.  (1987).  The  airborne  magnetic  data 
was  acquired  digitally,  compiled  and  gridded  by  the  Geological 
Survey  of  Canada  (Hood,  1979).  The  radar  image  was 
registered  to  a  Universal  Transverse  Mercator  (UTM) 
geometrically  correct  topographic  map  base  and  reformatted 
from  12.5  m  pixels  to  50  m  pixels.  The  magnetic  data  was  co¬ 


registered  to  the  radar  data  using  UTM  co-ordinates  as  control 
points. 

The  eight  bit  vertical  gradient  magnetic  digital  image  with 
values  ranging  from  0  to  255  DN,  was  density  sliced  into  12 
discrete  levels  representing  absolute  measurements  of  the 
magnetic  vertical  gradient  in  units  of  gamma  (7)  and  this 
density  sliced  image  was  used  to  modulate  image  .hue.  These  12 
levels  were  mapped  into  the  hue  spectrum  so  that  low  levels  of 
gamma  (negative  values)  are  represented  in  blue  and  green 
while  higher  levels  (positive  values)  range  from  orange  through 
to  red  and  purple  (see  Figure  2).  Since  the  minimum  and 
maximum  gamma  values  were  mapped  to  0  and  255  DN 
respectively,  the  density  slices  and,  subsequently,  image  hues 
could  be  absolutely  calibrated  to  units  of  gamma.  The  radar 
data  was  used  to  modulate  image  intensity  while  a  saturation 
file  was  synthetically  generated  and  assigned  a  DN  level  of  150 
to  provide  hues  that  were  less  vibrant,  thus  ensuring  a 
proportionate  mix  of  the  radar  and  magnetic  data.  A  final  step 
involved  creating  a  saturation  mask  for  the  gamma  values 
ranging  from  -1  to  + 1,  as  the  data  in  this  range  provided  little 
structural  information.  This  saturation  mask  was  set  to  zero  to 
ensure  that  these  areas  would  be  black  and  white  on  the  final 
image.  Thus,  only  the  linear  structural  anomalies  present  on  the 
vertical  gradient  data  are  highlighted  in  colour.  These  three 
IHS  chanitels  were  then  reverse  transformed  to  RGB  space  to 
produce  the  viewable  image. 

This  IHS  transformed  image  provides  a  useful  product  for 
geologic  exploration  purposes  on  a  numbti  of  levels.  Firstly, 
the  cartographic  information,  such  as  lakes,  roads  and  urban 
areas,  provided  by  the  radar  helps  to  better  locate  and  evaluate 
the  patterns  present  on  the  magnetic  data.  This  can  be 
especially  important  when  undertaking  field  programmes. 
Secondly,  this  image  provides  a  unique  product  for  both 
qualitative  and  quantitative  photogeologic  analysis  as  the  colour 
gradations  represent  calibrated  gradient  levels.  The 
combination  of  surface  topographic  patterns  supplied  by  the 
radar  and  magnetic  anomalies  reflecting  near  surface  structural 
and  lithologic  features  results  in  an  image  which  effectively 
portrays  regional  geologic  structure.  Furthermore,  verification 
and  correlation  of  interpreted  geologic  features  is  facilitated  as 
the  image  contains  information  from  more  than  one  geologic 
data  source.  Mapping  of  regional  structure  is  particularly 
important  in  this  area  as  an  aid  to  on-going  gold  exploration 
activities. 

Figure  2  represents  a  radar/magnetic  IHS 
transformed  image  in  which  a  single  channel  (magnetics)  has 
been  used  to  provide  colour  information.  However,  multiple 
channels  may  be  used  in  the  IHS  transform  to  provide  colour 
information  as  suggested  by  Buchanan  (1979).  Figure  3  is  an 
example  of  a  radar/gamma  ray  spectrometer  IHS  colour  image 
(shown  in  black  and  white  -  see  Harris  et  al.,  1989  for  colour 
version)  covering  an  area  in  eastern  Nova  Scotia,  Canada  in 
which  the  hue  information  has  been  supplied  by  three  gamma 
ray  spectrometer  channels,  equivalent  uranium  (eU),  equivalent 
thorium  (eTh)  and  percent  potassium  (%K).  A  C-band  wide 
swath  radar  image  is  used  to  modulate  image  intensity.  The 
airborne  gamma  ray  spectrometer  data  was  acquired  digitally 
and  compiled  and  gridded  to  200  metre  pixels  by  the  Geological 
Survey  of  Canada  (Grasty,  1972).  The  data  was  then  resampled 
to  50  metre  pixels  and  registered  to  a  UTM  topographic  base 
The  radar  image  was  acquired  by  CCRS  at  a  pixel  size  of  12.5 
metres.  The  image  was  subsequently  resampled  to  50  metre 
pixels  and  co-registered  with  the  UTM  topographic  map  base. 

The  image  production  process  outlined  in  Figure  1 
consisted  of  equalizing  the  means  and  standard  deviations  of 
each  of  the  three  spectrometer  channels  and  stretching  the 
minimum  and  maximum  values  to  cover  the  full  range  of  the 
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eight  bit  data  (i.e,  0  to  255  DN).  The  three  spectrometer 
channels  were  then  input  into  the  IHS  transform  and  the  radar 
data  were  used  to  replace  the  intensity  channel  before 
converting  back  to  RGB  space.  The  colour  triangle  associated 
with  Figure  3  provides  a  colour  guide  with  which  to  interpret 
the  relative  mix  of  the  eU,  eTh  and  %K  channels.  The 
particular  channel,  as  well  as  the  maximum  values  for  each 
spectrometer  channel  (ie  ppm  for  eU  and  eTH  and  %  for  K), 
are  shown  at  the  corners  of  the  triangle.  Areas  high  in  eU  are 
red,  high  in  eTh  are  green  and  high  in  %K  are  blue. 
Proportionate  mixes  of  the  primary  colours  result  in  magenta, 
cyan  and  yellow  colours  that  can  be  interpreted  on  a  relative 
basis  as  matures  of  the  three  spectrometer  channels.  Thus, 
yellow  areas  have  roughly  equal  proportions  of  eU  (red)  and 
eTh  (green),  while  cyan  areas  have  comparable  proportions  of 
eTH  (green)  and  %K  (blue).  Saturation  in  this  image  was 
derived  from  the  original  RGB  to  IHS  transformation  (see 
Harris  et  ai.,  1989  for  mathematical  formulation  of  the  three 
spectrometer  channels). 

This  IHS  transformed  image  represents  a  multichannel 
colour  composite  image  as  it  is  a  combination  of  four  data 
channels  (radar  +  eU,  eTh,  %K)  as  opposed  to  a  standard 
three  colour  composite.  This  experimental  JHS  image  has  been 
used  to  aid  in  the  mapping  of  lithology,  particularly  granites, 
and  regional  structural  patterns  in  eastern  Nova  Scotia  (Harris, 
1989).  The  data  types  comprising  the  imagery  are 
complementary,  with  the  radar  providing  a  map  of  the  terrain 
surface  in  which  topographic  patterns  are  enhanced  due  to  the 
side  viewing  geometry  and  the  spectrometer  data  providing  a 
picture  of  the  radiometric  "landscape".  The  two  different  and 
unique  views  of  the  teirain  contained  in  one  image  facilitate 
photogeologic  interpretations,  as  interpreted  features  can  be 
compared  and  more  easily  verified  from  a  geological 
perspective. 

Further  details  on  the  use  of  these  IHS  transformed  images 
(Figs.  2  &  3)  for  geological  mapping  can  be  found  in  Harris, 
1989  and  Harris  et  al.,  1989. 

4.0  SUMMARY  AND  CONCLUSIONS 

A  methodology  for  creating  experimental  colour  image 
products  combining  airborne  radar  with  airborne  geophysical 
data  using  the  IHS  colour  display  transform  has  been 
demonstrated.  Although  this  methodology  is  applicable  for  the 
integration  of  virtually  any  digital  data  set,  radar  has  been  used 
as  the  base  product  for  integration,  as  it  provides  a  good 
cartographic  base  in  v/hich  topographic,  morphologic  and 
surface  textural  patterns  are  enhanced.  This  is  particularly 
important  when  integrating  with  geophysical  data,  as  the  radar 
provides  a  recognizable  map  of  the  terrain  surface,  facilitating 
a  comparison  between  terrain  and  geophysical  patterns. 

The  IHS  colour  display  transform  is  a  useful  method  for  the 
integration  and  unambiguous  and  controlled  portrayal  of  diverse 
digital  data  sets.  Greater  control  over  the  image  construction 
process  is  possible  as  individual  data  channels  can  be  assigned 
to  the  quantifiable  and  easily  perceived  colour  parameters  of 
intensity,  hue  and  saturation.  By  controlling  image  hue,  the 
association  of  a  meaningful  colour  scheme  with  well  defined 
characteristics  of  the  input  data  can  be  achieved.  The  image 
hues  can  he  interpreted  on  a  relative  or  absolute  basis, 
depending  on  what  and  how  the  data  was  mapped  to  the  hue 
parameter.  Furthermore,  single  and  multiple  channels  can  be 
used  to  supply  information  on  image  hues  as  demonstrated  by 
the  image  examples  discussed  in  this  paper. 
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RADAR  *  SMOLE  aUNNEL 
VERTICAL  ORADIEHT  MAONETKS 


RADAR  *3  CHANNEL 
OAMMA  RAY  SPECTROMETER 


Figure  1  •  Image  Processing  Methodology 


Figure  2  -  Radar  /  Vertical  Gradient  Magnetics 
IHS  Transformed  Image 


Figure  3  -  Radar  /  Gamma  Ray  Spectrometer 
IHS  Transformed  Image 


Figs.  2  &  3  arc  half-tone  black  and  white  reproductions  of  colour  images,  therefore,  many  of  the  image  details 
have  been  lost.  In  Fig.3  red  areas  (high  cU)  arc  displayed  in  dark  tones  while  green  areas  (high  cTh)  are 
displayed  in  light  tones.  The  original  colour  images  arc  to  be  published  in  upcoming  papers  by  Harris  et  al.  and 
arc  also  available  for  viewing  through  CCRS. 


R  =  eU  (max  =  7  ppm) 
G  =  eTh  (max  =  11  ppm) 
B  =  %K  (max  =  2.82  %) 


V'OLARIZATION  DIVERSITY  RADARS  IK  HETEOROLOGY 
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ABSTRACT 

Polarization  diversity  radar  techniques  can  contribute  to 
a  variety  of  meteorological  research  topics  and  applications: 
the  evolution  of  hydrometeors,  the  development  of  precipita¬ 
tion,  cloud  electrical  phenomena,  quantitative  measurement  of 
rainfall,  discrimination  of  ice  and  liquid  water  In  clouds, 
the  detection  of  hall  and  of  aircraft  Icing  conditions,  and 
the  description  of  microwave  and  mllllmeter-wave  propagation 
In  clouds  and  precipitation.  This  broad  spectrum  of  poten¬ 
tial  utility  results  from  the  capability  of  such  radars  to 
measure  quantities  related  to  the  shapes  and  orientations  of 
the  hydrometeors  that  constitute  the  propagation  and  back- 
scatter  media.  Through  analytical  or  empirical  models, 
estimates  of  particle  sizes,  shapes,  orientations,  and  ther¬ 
modynamic  phases  can  be  derived  from  the  measured  quantities. 
There  has  been  significant  recent  progress  both  in  the  devel¬ 
opment  of  polarization  diversity  meteorological  radar  systems 
and  in  the  interpretation  of  the  resulting  measurements. 

Key  issues  that  must  be  faced  by  radar  meteorologists  in 
the  near  future  include  (1)  the  more  effective  use  of 
existing  radars  in  research,  both  in  multi-agency  field  ' 
programs  and  in  locally  managed  operations;  (2)  improved 
verification  of  radar  measurements,  bared  on  comparative 
measurements  in  the  laboratory  and  in  the  field;  and  (3) 
technological  improvement  of  meteorological  radars  by  the 
incorporation  of  improved  antennas,  polarization  control, 
receivers,  and  data  processors.  There  is  also  a  need  to 
identify  and  pursue  lines  of  research  that  could  lead  to  the 
development  of  operational  techniques.  Expanded  interactions 
between  the  polarization  diversity  radar  specialty  and  the 
disciplines  of  cloud  and  precipitation  physics,  mesoscale 
meteorology,  and  hydrology  are  fundamental  to  progress  in 
these  areas. 


THE  PIFFERNETIAL  REFLECTIVITY  DUAL-'-'OLfiRirATIOM  RAPAR 
TECHNIQUES  ACCQMFLISHMENTS  AND  FUTURE  rRCiSFECTS  TH 
HETEaROLOSY 


Thoma^>  A.  SpISqci 

Commurii  cats  one  and  Spacp  Scipneos  Labor  =<L'3fy 
The  F'enncyl van! a  State  University 
University  Pari.,  FA  16802 
TEL:  814-863-^542  FAXs  814-862-474? 


Thi_  paper  presents  a  review  o-f  proij’eos  on  ttie 
use  of  the  differential  ref  Irjcti  vi  ty  radar  technique  in 
meteorology  since  its  inception  in  1976  by  Seliga  and 
Bringi  (u  Appl.  Hetear,,15,  69-76,  1976) .  Foil  owing  a 
brief  two  to  three  year  period  of  experimental  tepting 
and  evaluation,  the  concept  has  now  become  generally 
accepted  as  an  excellent  tool  for  rainfall  measurement 
end  the  detection  of  ice  phase  hydrometeors.  As 
suggested  by  theory,  excellent  comparisons  between 
rainfall  rates  inferred  from  duel  linear  polarisation 
radar  reflectivity  measurements  and  ground-based 
observations  have  been  demonstrated  due  to  the 
additional  information  available  on  raindrop  sice  which 
IS  inferred  from  the  differential  reflectivity  radar 
parameter.  Early  observations  clearly  indicated  that 
the  technique  was  also  valuable  for  discriminating 
between  rain  and  ice  phase,  and  this  led  to  its  being 
acknowledged  as  an  excellent  means  for  detecting  hail. 
The  advances  achieved  to  date,  the  relative  simplicity 
of  the  measurements  and  their  interprtetation  and  the 
importance  of  the  inferences  derived  from  the 
measurements  have  combined  to  encourage  many  research 
groups  to  either  add  this  polarization  capability  to 
existing  research  radars  or  to  construct  new  radars 
based  largely  on  the  promises  of  the  technique  for 
cloud  physics  and  related  studies.  Perhaps  more  • 
importantly,  the  successes  achieved  to  dele  have  not 
only  opened  new  fields  for  investigation  but  have  also 
led  the  way  for  scientists  to  re-examine  more  closely 
other  radar  parameters  in  order  to  determine  the  most 
appropriate  combinations  of  observables  from  which  to 
infer  hydrometeor  properties  and  behavior.  The  next 
decade  should  see  the  exploiteion  of  the  technique  and 
re) ated  observations  in  many  fields  of  study,  including 
cloud  physics,  hydr!;'m'‘-i.  eor  o)  ogy,  flash  flood 
forecasting,  severe  ctorm  nowcasting,  microcl imatology. 
a.ir  pollution  scavenging,  e-l ectromagrielic  propagation 
and  entoniology. 
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REMOTE  SENSING  OF  RANDOM  MEDIA  WITH  ELLIPSOIDAL 
INHOMOGENEITIES 


Ari  Sihvolo,  Ismo  V.  tindell 

Helsinki  University  of  Technology,  ElectiomAgnetics  Laboratory,  Otakaari  6  A,  SF-02150  Espoo,  FINLAND 


ABSTRACT:  In  this  paper,  the  polarizabilities  of  continuously 
inhomogeneous  dielectric  ellipsoids  are  analyzed.  A  differential  equa¬ 
tion  is  derived  for  the  scattered  potential,  and  firom  the  amplitude 
of  this  function,  the  polariz.ability  results.  The  limitatlou  is  that  the 
permittivity  function  of  the  ellipsoid  depend  only  on  one  coordinate 
(f)  in  the  ellipsoidal  coordinate  system. 

Keywords:  Dielectric  mixtures,  continuous  random  medium,  com¬ 
posite  materials. 


E(f)  =  -V^(f)  (1) 

In  order  for  the  Laplace  equation  to  he  separable  in  the  geometry 
of  the  ellipsoid  problem,  the  dielectric  profile  and  the  permittivity 
function  may  depend  only  on  one  coordinate  in  the  ellipsoidal  coordi¬ 
nate  system:  constant-permittivity  surfaces  have  to  be  confocal  (for 
ellipsoidal  coordinates,  see  (Landau  and  Lifshitz,  1984)  and  (Kel¬ 
logg,  1953).  These  coordinates  (,q,C  are  related  to  the  Cartesian 
coordinates  x,y,z  by 


INTRODUCTION 

The  dielectric  and  magnetic  properties  of  composite  media  are  of 
importance  in  many  applications  where  these  materials  are  to  be 
treated  macroscopically  homogeneous.  The  concept  of  effective  per¬ 
mittivity  is  one  notion  that  is  much  used  in  describing  macroscopic 
properties  of  dielectric  mixtures.  It  contains  information  about  the 
average  polarization  in  the  composite  material,  being  the  ratio  be¬ 
tween  the  average  displacement  and  the  applied  electric  field.  Aver¬ 
aging  has  to  be  made  in  scales  smaller  than  the  spatial  variation  of 
the  incident  electronuignetic  held.  This  means  that  the  wavelength 
of  the  applied  field  has  to  be  larger  than  the  chuacteristic  distance 
of  the  inhomogeneities  of  the  heterogeneous  medium:  this  length  is 
the  size  of  the  scatterers  in  case  of  the  mixture  being  disuete  (indu- 
sions  in  a  background  medium),  or  the  correlation  length  for  the  case 
of  continuous  random  material.  Therefore,  effective  permlttivi^  is 
a  low-frequency  concept.  At  higher  &equencies,  scattering  effects 
take  over,  and  the  term  "effective  permittivify”  loses  its  meaning. 
However,  the  term  "scatterer”  is  used  in  this  paper  denoting  inclu¬ 
sions  smaller  than  wavelength  although  scattering  phenomena  are 
neglected. 


LAPLACE  EQUATION  IN  THE  ELLIPSOIDAL  COOR¬ 
DINATE  SYSTEM 

Consider  an  inhomogeneous  ellipsoid  lying  in  a  background  medium 
of  dielectric  constant  €o  and  iimnersed  in  a  static  field.  The  incident 
static  field  is  directed  along  the  z-axis  of  the  ellipsoid.  This  assump¬ 
tion  does  not  entaii  ioss  of  generality  becatue  an  oblique  field  can  be 
resolved  into  components  along  the  axes  and  the  resultant  polariz¬ 
ability  is  a  superposition  of  the  three  component  polarlzabilitiu. 

In  order  to  solve  the  internal  and  external  fields  of  the  problem,  the 
solution  of  Laplace  equation  has  to  be  known.  The  electric  field  is 
calculated  as  the  negative  gradient  of  a  potential  function 


being  the  three  real  roots  of  this  cubic  equation  of  u.  The  coordinate 
f  is  the  root  that  lies  in  the  range  (  >  --d*  where  d  is  the  snudlest 
of  the  ellipsoid  axes  a,  5,  and  e.  Constsmt-(  surfaces  are  ellipsoids  all 
confocal  to  the  ellipsoid 


=  1 


(3) 


which  corresponds  to  (  =  0. 

Let  the  permittivity  function  of  the  scatterer  be  only  a  function  of 
the  (  coordinate; 


«(>')  =  «(0  (4) 

Let  the  incident  uniform  field  be  z-directed.  The  total  field  outside 
and  inside  the  scatterer  -V^  is  the  sum  of  the  incident  field  E 
and  the  scattered  field  -V^,  where  1»  Ae  scattered  potential, 
the  amplitude  of  which  is  proportional  to  the  dipole  moment  of  the 
scatterer. 


V^,(r)  =  E-fV^(f)  (6) 

The  divergencelessness  of  the  displacement, 

V-D  =  V-(-<(f)V^(f)]  =  0  (6) 


leads  to  the  following  equation 


V  •  [«(€)V^,(f)J  =  V«({)  •E  =  Ei-  V<({) 


(7) 
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where  i  is  the  unit  vector  in  z  direction.  hVom  the  scattered  poten¬ 
tial,  z  has  to  he  peeled  oif  in  order  for  the  rest  to  be  only  a  hmction 
off: 


^.(?)  =  */.(«  (8) 

Performing  the  differential  operations  in  ellipsoidal  coordinates,  it 
can  be  seen  after  some  algebra  that  the  r)  and  f  dependencies  cancel 
from  the  differential  equation  (7),  the  resulting  equation  for  the  f- 
dependent  scattered  potential  being 


2(f  +  a’Mf)/;(f)  + 


"T  A  .  It  + 


f-i-i’  ^f  +  C» 


+  2(f  -h  a’)c'(f  )/i(f )  +  e-Cf )/.({)  =  c'(i)E 


(9) 


where  a,  i,  and  c  are  the  axes  of  the  ellipsoid  in  z,  jr,  and  z  directions, 
respectively.  This  second-order  ordinary  differential  equation  for  the 
unlcnown  function  f,(()  can  also  be  written  in  the  form 


[e(f)(f  -b  c>)R(()m]'  +  (10) 


where  Jt(()  =  >/({  +  a*)({  +  6’)(f  -b  c*).  The  surface  of  the  seattercr 
is  the  f  =  0  surface,  f  is  negative  inside  the  ellipsoid  and  positive 
outside  it.  On  z  axis,  the  connection  between  the  coordinates  is 
z’  =:  f  -b  a’.  The  smallest  value  for  (  is  -cP  where  d  is  the  smallest 
of  the  three  axes  a,  6,  and  e.  The  core  of  the  ellipsoid,  i.e.  the  surface 
where  f  has  the  minimum  value,  is  an  ellipse  in  the  plane  of  the  two 
major  axes  of  the  ellipsoid,  and  this  ellipse  shrinlcs  to  a  point  as  the 
ellipsoid  degenerates  into  sphere. 

Given  the  permittivity  profile  e(f),  the  solution  can  be  found  in  a 
similar  way  as  in  the  spherical  case  (Sihvola  and  Lindell,  1989).  Solv¬ 
ing  the  scattered  potential  inside  the  scatterer,  for  example,  as  a 
power  series,  leaves  one  undetemuned  constant.  This  constant  can 
be  enumerated  by  matching  the  inside  solution  to  the  outside  solu¬ 
tion.  Outside  the  scatterer,  where  e  =  (o,  the  solution  is  an  integral 
(see  equation  (13)  in  the  following).  The  amplitude  of  this  function 
comes  from  the  continuity  of  the  potential  across  the  boundary,  and 
matching  the  derivatives  gives  the  renudoing  undetermined  constant. 
The  derivative  of  the  potential  across  the  boundary  is  continuous  if 
the  permittivity  of  the  scatterer  decreas-;  ■  to  the  background  value 
there.  If  the  permittivity  is  not  continuous  across  the  boundary  of 
the  scatterer,  the  discountinuity  of  the  potential  can  be  calculated 
according  to  the  continuity  requirement  of  the  normal  displacement. 


TESTS  FOR  THE  DIFFERENTIAE  EQUATION 

The  differential  equation  can  be  tested  by  investigating  its  solution 
in  a  homogeneous  ellipsoidal  region.  There,  ((()  is  constant  and 
('(()  =  0,  and  the  equation  (9): 

^  "  [2(f-bo>)  2(f-b6’)  2(e-bc’)] 

from  which  it  is  clear  that  the  two  solutiotu  are,  first.  /,(?)  is  con¬ 
stant,  and  the  second  one  is 

"  "  (f  +  a’)v/({ +  <!’)(«  d-i’jCf  +  c’) 


or 


=  /  (s-boi)(V(s-boi)(s-f4i)(*  +  cJ) 

which  are  correct  (see  (Landau  and  Lifshltz,  1984)). 

The  other  test  is  to  let  the  ellipsoid  become  a  sphere,  i.e.  set  a  =  6  = 
e.  Noting  that  f  -b  o*  =  { -b  i’  =  f  -b  c’  =  r’,  and  that 

the  equation  (9)  gives 


Mr)/"(r)  -b  4r(r)/.'(r)  -b  re'(r)/i(r)  -b  e'(r)/.(r)  =  e'(r)E  (16) 

which  is  correct  because  it  is  the  same  equation  as  the  one  com¬ 
ing  from  the  scattered-potential  equation  in  the  radial  geometry  in 
spherical  coordinate  system: 


V-[e(r)V^.(?)]  =  V£(r).5  (17) 

with  the  separation  ^,(f)  =  z/,(r)  =  /,(r)rcostf.  Rom  this,  equa¬ 
tion  (16)  follows  imme^ately. 

THE  POLARIZABILITY 


Rom  the  amplitude  of  the  scattered  field  outside  the  dlipsoid,  when 
(  >  0,  the  polarizability  in  z  direction,  a*  can  be  calculated.  The 
polarizability  follows  from  the  amplitudes  of  the  scattered  fbnction 
and  its  connection  to  the  dipole  moment  amplitude  of  the  ellipsoid: 


a* 


(oV 

N*E 


m 


(18) 


where  N*  is  the  depolarization  factor  of  the  ellipsoid  in  z  direction. 


oicf  d.  7  d, 

2  J  (s-boj)ll(s)  J  (s  -b  -h  «’)(*  +  **)(*  +  «*) 

(19) 

For  values  of  polarization  factors,  see  (Lrmdau  and  Lifshltz,  1984), 
(Osborn,  1945),  and  (Stoner,  1945). 

Knowing  this  polarizability,  and  the  corresponding  polarizability  com¬ 
ponents  in  y  and  z  directions,  the  anisotropic  and  isotropic  effec¬ 
tive  permittivities  of  mixtures  containing  this  type  of  scatterers  (in 
aligned  orientation  and  randomly  oriented,  respectively)  can  be  cal¬ 
culated.  How  this  is  done,  is  shown  in  the  next  section. 


THE  EFFECTIVE  PERMITTIVITY 

The  effective  permittivity  of  a  mixture  contaiidng  khomogeneous 
ellipsoids  can  be  solved  by  quasistatic  analysis  according  to  (Sihvola 
and  Kong,  1988).  Let  the  background  medium  be  of  permittivity  to 
as  before,  and  let  there  be  n  ellipsoidal  inclusions  per  unit  volume. 
Consider  fir  '  case  that  all  the  ellipsoids  are  aligned  equally,  their 
corresponding  ss  parallel.  This  leads  to  an  anisotropic  mixture, 
and  the  effective  permittivity  will  be  dyikic.  In  the  following,  con¬ 
sider  fields  and  dipole  moments  in  the  z-direction. 
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Define  the  effective  permittivity  as  the  ratio  between  the  average 
displacement  D  and  the  incident  electric  field  E.  On  the  other  hand, 
the  displacement  can  be  calculated  from  the  average  polarization, 
and  it  is  therefore 


=  «o  +  ■ 


\-N* 


eo 


(26) 


D  =  ^tfcE  —  €oE  +  P 

where  the  average  polarization  is  equal  to  the  dipole  moment  of  one 
scatterer  multiplied  by  their  number  density: 

P  =  np  (21) 

The  dipole  moment  of  a  scatterer  is  its  polarizability  times  the  ex¬ 
citing  field. 


and  the  dyadic  effective  permittivity  is 

hit  =  +  (aiv  + 

If  the  layered  ellipsoidal  inclusions  are  randomly  oriented  in  the  mix¬ 
ture,  there  is  no  preferred  direction  and  the  effective  permittivity  is 
scalar.  In  this  case  the  average  polarization  has  to  be  calculated  by 
averaging  over  the  dipole  moments  in  different  directions,  and  the 
resulting  effective  per^ttivity  it 


p  =  (22) 

The  polarizability  for  ellipsoids  in  the  x-direction  is  a".  Ibr  the 
ellipsoid  case,  the  polarizability  depends  on  the  direction.  The  ex¬ 
citing  field  is  not  the  same  as  the  macroscopic  field  but  it  depends 
on  the  permeating  polarization  itself  and  the  form  of  the  scatterer. 
Yaghjian  (1980, 1985)  has  given  the  decomposition  to  calculate  the 
exciting  field  as  a  function  of  the  shape  of  the  scatterer: 

M‘  =  E  +  (23) 

«o 


where  L  is  the  unit- trace  depolarization  dyadic,  or  the  source  dyadic. 
The  maximum  chord  length  of  the  scattering  volume,  that  lim¬ 

its  the  validity  of  the  decomposition  (23)  is  given  by  dma*  ^  ^  (“e 

(Yaghjian,  1985))  where  A  is  the  wavelength  of  the  operating  field. 
This  imposes  the  quasistatic  restriction  for  the  size  of  the  scatterers 
in  the  mixture. 

For  ellipsoidal  scatterers  with  depolarization  factors  N’,N^,N’,  the 
depolarization  dyadic  is 

I  =  iV*ir  +  N'lyj  +  N‘zz  (24) 

where  hat  means  the  unit  vector  in  the  corresponding  direction.  The 
exciting  field  in  the  direction  of  x  axis  is 

E’  =  E+N’‘-  (25) 

«o 

Hence,  the  effective  permittivity  in  the  z-direction  is 


feir  =  fo  + 


_ _ 

E 


(28) 


3.' 
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ABSTRACT 

There  is  a  need  for  a  simple,  reliable  vessel  positioning  system  for  use  by 
vessels  navigating  in  coastal  or  inshore  waters  during  periods  of  limited 
or  restricted  visibility.  Existing  aids  to  navigation  either  lack  the 
accuracy  required  for  use  in  narrow  channels  and  harbours  (e.g.,  LORAN-C  or 
GPS)  or  are  too  expensive  and  require  too  much  ongoing  maintenance  and 
support  to  be  viable  for  general  use  (e.g.,  active  microwave  transponders). 
Here  we  describe  a  passive  radar  positioning  system  which  uses  a  network  of 
specially  designed  trihedral  twist  reflectors  as  landmarks  and  circular 
polarization  for  background  clutter  suppression. 

Field  trials  of  the  system  have  been  conducted  in  Indian  Arm,  British 
Columbia  and  Port  aux  Basques,  Newfoundland.  Initial  results  have 
confirmed  that  use  of  circular  polarization  can  suppress  background  clutter 
sufficiently  to  permit  positive  identification  of  the  specially  designed 
radar  targets  by  an  automated  system. 

Key  words:  circular  polarization,  radar  reflector,  radar  navigation, 
radar  positioning. 


INTRODUCTION 

During  the  last  ten  years,  the  marine 
industry  has  expressed  considerable  interest 
in  the  development  of  automatic  radar 
positioning  systems  for  use  by  ships 
navigating  in  busy  harbours  or  narrow 
channels  during  periods  of  inclement  weather 
and/or  reduced  visibility.  An  automatic 
radar  positioning  system  which  employs 
passive  reflectors  has  three  principal 
advantages  over  conventional  microwave 
transponder  based  positioning  systems: 

*  Shore-based  passive  reflectors  have  a  low 
initial  cost  and  should  require  minimal  or 
no  maintenance  except  in  the  unlikely  event 
that  a  reflector  sustains  mechanical  damage. 
Site  services  such  as  electrical  power  are 
not  required; 

*  Shore-based  reflectors  are  not  subject  to 
failure  due  to  loss  of  power  or  electronic 
malfunction;  and, 

'■*  Shipboard  electronics  do  not  have  to  be 
recalibrated  when  a  shore-based  reflector  is 
repaired  or  replaced. 

Passive  reflector  based  radar  positioning 
systems  suffer  from  problems  not  normally 


associated  with  microwave  transponder  based 
positioning  systems,  including: 

*  Interference  from  ground  and  sea  clutter 
returns ; 

*  Loss  of  signal  due  to  multipath  fading; 
and, 

*  Limited  angular  response  of  targets. 

In  the  late  1970's,  the  Canadian  Dept,  of 
Transport  and  the  Dominion  Marine 
Association  evaluated  a  minicomputer  based 
radar  positioning  system  called  PRANS  [1). 

In  the  early  1980's,  researchers  at  HcMaster 
University  suggested  several  enhancements  to 
the  PRANS  concept  including  the  use  of  a 
novel  trihedral  twist  reflector  together 
with  a  simple  depolarizing  vector 
discriminant  (transmission  of  horizontally 
polarized  pulses  and  reception  of  both 
horizontally  and  vertically  polarized 
returns)  [2].  Since  this  system  would 
require  a  radar  with  a  dual-polarized 
antenna  and  a  dual-channel  receiver, 
industry  observers  expressed  concern  that 
the  cost  of  the  system  would  limit  its 
acceptance.  In  this  paper,  we  consider  the 
use  of  circular  polarization  as  an 
alternative  target-clutter  discriminant. 
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JFS32R  MARINE  RADAR 


Fig.  1  •  RANAV  system  overview,  (a)  Shipboard  electronics,  (b)  Trihedral  twist  reflector, 
(c)  Use  of  space  diversity  to  reduce  multipath  lading. 


S'’STEM  DESCRIPTION 

A  prototype  version  of  the  RANAV  system  is 
shown  in  fig.  1(a).  It  consists  of  a  JFS 
32R  3  cm  marine  radar  with  a  slotted 
waveguide  array  antenna  and  PPI  display,  a 
Radarfix  processor  [3]  with  a  gyro 
rate-of-turn  sensor  attached,  and  an  OSL 
PINS  9000  electronic  chart  with  gyro  compass 
and  Loran-C  recaiver  inputs.  The 
horizontally  polarized  radar  antenna  was 
converted  to  circular  polarization  with  the 
addition  of  a  polarizing  grid.  The 
shore-based  reflector  shown  in  fig.  1(b)  is 
a  standard  trihedral  radar  reflector  with  a 
twist  reflector  mounted  along  one  face. 

Although  use  of  circular  polarization 
normally  reduces  multipath  fading 
substantially  in  transponder-based 
positioning  systems,  no  such  reduction  is 
enjoyed  by  radar  systems  which  employ 
rirnilar  nolarizafion,  Twn  reflectors  can 
be  mounted  with  a  given  vertical  separation 
in  a  space  diversity  configuration  (as 
suggested  by  fig.  1(c))  to  reduce  such 
fading.  A  simple  theoretical  model  was  used 
to  optimize  the  vertical  spacing  given  the 
location  of  the  reflectors  and  their  height 
above  sea  level.  Although  the  reflectors 
have  a  fairly  wide  azimuthal  beamwldth,  it 


is  not  always  sufficient.  In  some  cases, 
arrays  of  reflectors  could  be  used  to 
improve  the  angular  coverage  from  a  given 
reflector  site. 

TARGET-CLUTTER  DISCRIMINATION  ALGORITHMS 

Many  polarimetric  target-clutter  discrimin¬ 
ation  algorithms  have  beer,  devised  [4]. 
Circular  polarization  was  considered  for  use 
in  RANAV  because  it  discriminates  against 
odd-bounce  reflectors  (reportedly  the  major 
source  of  difficulty  cncounteied  in  the 
PRANS  trials)  rather  effectively  while 
requiring  relatively  modest  hardware.  Use 
of  more  sophisticated  target-clutter 
discrimination  algorithms  would  require  the 
use  of  dual  polarized  antennas  and,  in  some 
cases,  dual  channel  receivers.  It  is  not 
yet  clear  that  the  increase  in  performance 
can  be  justified  in  light  of  the  additional 
expense  since  an  alternative  would  be  to 
.simply  make  the  radar  refiarrors  a  little 
larger  and  thereby  retain  an  acceptable 
signal  to  clutter  ratio.  Qualitative 
co.nparlsons  between  circular  and  crossed 
linear  polarization  were  made  during  the 
summer  of  1988  in  Vancouver  harbour. 
Observers  noted  suprlsingly  little 
difference  in  clutter  suppression  between 
the  two. 


934 


Rg.  2  -  Rectangular  groove  twist  reflector.  Incident  wave  is  linearly 
polarized  at  45*  to  the  grooves.  The  reflected  wave  is  linearly  polarized 
at  -45*  to  the  grooves  (or  a  net  rotation  of  90*. 


(a)  (b) 


Rg.  3  -  Alternative  trihedral  comer  reflector  geometries. 

(a)  Conventional  triangular  trihedral  reflector,  (b)  Triangular  trihedral 
reflector  wilh  a  square  base,  (c)  Tmncated  square  trih^ral  reflector 
with  a  triangular  base,  (d)  Compensated  triangular  trihedral  reflector. 


TRIHEPRAL  TWIST  REFLECTOR  DESIGN 

Replacement  of  the  wire  grid  twist  reflector 
used  in  CRL's  prototype  with  a  rectangular 
groove  twist  reflector  (fig.  2)  has  two 
advantages.  First,  the  rectangular  groove 
twist  reflector  is  far  less  fragile  than  the 
wire  grid  and  is  potentially  easier  to 
manufacture.  Second,  the  rectangular  groove 
twist  reflector  has  a  wider  operating 
bandwidth  than  the  wire  grid  version  which 
gives  it  a  broader  azimuthal  response.  A 
rigorous  numerical  analysis  based  on  mode 
matching  was  used  to  determine  the  necessary 
design  parameters  [6]. 

The  response  pattern  of  a  corner  reflector 
can  be  altered  by  changing  the  shape  of  the 
reflector  panels  [7]  as  suggested  by  fig.  3. 
It  is  possible,  for  example,  to  broaden  the 
azimuthal  response  of  the  reflector  while 
sacrificing  the  el.,  ation  response  pattern 
which  is  far  less  critical.  An  algorithm 
based  on  geometric  optics  was  developed  to 
predict  the  response  pattern  of  the  modified 
reflectors. 

The  polarization  response  of  conventional 
and  twist  trihedral  reflectors  are  compared 
for  various  orientations  (i.e.,  various 
angles  of  rotation  about  their  symmetry 
axes)  in  Table  1.  Unlike  conventional 
trihedral  corner  reflectors,  trihedral  twist 
reflectors  preserve  the  sense  of  rotation  of 
an  incident  circularly  polarized  wave  and 
are  therefore  visible  to  circularly 
polarized  radars.  By  suitably  orienting  the 
trihedral  twist  reflector,  it  can  be  made  to 
either  rotate  linearly  polarized  waves  by  90* 
or  simply  return  them  with  their  original 
polarization.  In  one  application, 
navigation  aids  could  be  equipped  with  radar 
reflectors  which  would  be  visible  to  both 
horizontally  and  circularly  polarized 
radars.  Alternatively,  shore  targets  used 
for  positioning  systems  based  on  crossed 
linear  polarization  could  also  be  used  by 
systems  which  employ  circular  polarization. 


Table  1  -  Polarization  response  of  conventional  and  twist  trihedral  reflectors  for  various  orientations 
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Fig.  4  -  Chart  ol  Deep  Cove  in  Indian  Arm,  the  site  of  the  RANAV 
sea  trials.  The  locations  of  three  radar  twist  reflectors  are  shown; 
Racoon  Island.  Deep  Cove,  and  Hamper  Island. 


RESULTS 

Sea  trials  to  investigate  the  accuracy  and 
reliability  of  RANAV  were  conducted  in  Deep 
Cove  (a  rugged,  sparsely  populated  section 
of  Indian  Arm  near  Vancouver  Harbour)  in  the 
summer  of  1988  and  spring  of  1989.  A 
network  of  three  reflector  sites  was 
established  as  indicated  in  fig.  4.  A 
conventional  marine  radar  image  of  Deep  Cove 
is  shown  in  fig.  5(a).  The  radar  image 
obtained  when  circular  polarization  is  used 
and  the  radar  receiver  gain  and  video 
threshold  are  suitably  adjusted  is  shown  in 
fig.  5(b).  The  echoes  from  the  three 
reflectors  and  the  computer-generated  flags 
which  mark  them  are  clearly  visible. 

The  performance  of  RANAV  was  compared  to  a 
co-located  microwave  positioning  system. 
RANAV  was  capable  of  repeatable  accuracy  to 
better  than  three  metres  within  the  area  of 
reflector  coverage.  Static  accuracy  of  less 
than  one  metre  was  typical. 

In  January  1989,  RANAV  began  operational  sea 
trials  aboard  Marine  Atlantic's  M.V. 

Atlantic  Freighter,  a  150  metre  cargo  ferry 
on  the  run  between  Newfoundland  and  Cane 
Breton.  A  network  of  RANAV  ref  lectors' nas 
been  installed  at  Port  aux  Basques, 
Newfoundland,  the  northern  terminus  of  the 
run.  Well  known  for  its  hazardous  approach, 
high  winds,  and  generally  harsh  environment, 
Port  aux  Basques  will  be  a  good  test  of 
RANAV's  operational  capabilities. 


(a) 


/ 


*  * 


(b) 

Rg.  5  -  Radar  images  ol  Deep  Cove,  (a)  Conventional  marine 
radar  image,  (b)  Radar  image  using  circular  polarization  and 
suitable  adjustment  of  receiver  gain  and  video  threshold.  Radar 
returns  from  three  reflectors  are  the  only  visbie  larcals.  The 
large  blocks  located  next  to  each  ol  the  targets  are  computer 
generated  flags. 
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In  previous  papers  several  types  of  characterisdc  signatures,  derived 
from  coherent  polarimetric  Radar  Cross  Rection  (RCS)  measure¬ 
ments  were  introduced  [I].  These  signatures  are  either  3  dimensio¬ 
nal  or,  as  cross  sectional  views  of  3  dimensional  ones,  2  dimen¬ 
sional.  Up  to  now  primaiily  first  order  signatures,  which  result 
from  measured  data  by  linear  or  geometrical  operations,  are  used. 
Higher  order  signatures,  e.g.  depolarization  or  characteristic  polari- 
zadon  states,  are  sdll  difficult  to  compute  or  to  interpret. 

For  the  composidon  of  3-D  signatures  four  variables  are  available  as 
theie  are:  polarizadnn  state  (ellipticity,rotadon)  frequency  and  phase 
or  amplitude.  This  means  that  for  3-D  signatures  there  is  always  one 
variable  not  shown.  For  operational  systems  this  parameter  is  most 
times  the  frequency.  It  is  the  intention  of  this  paper  to  demonstrate 
the  dependence  of  3-D  signatures  from  the  fourth  variable,  espe¬ 
cially  the  frequency.  Coherent  polarimetric  measurements  have  been 
performed  over  the  frequency  range  from  4  GHz  to  20  GHz  on  se¬ 
veral  targets.  The  results  of  these  measurements  will  be  demon¬ 
strated  in  a  film.  The  polarization  signature  (PS)  [2]  and  the  disper¬ 
sive  polarimetric  signature  (DPS)  [1]  will  be  shown. 


M 


The  selected  objects  are : 

•  Dielectric  cylinder 

•  Configurations  of  two  cylinders 

•  Twig  from  a  silver  fir 

•  Rough  surface  with  dielectric  cylinders.  . 

The  objects  were  selected  to  increase  the  understanding  of  tlie  infor¬ 
mation  content  of  polarimetric  signatures  by  starting  with  a  very 
simple  cylinder,  proceeding  with  more  complex  targets  to  an  object 
composed  from  a  statistical  rough  surface  with  several  dielectric 
cylinders  on  it.  As  an  example  the  polarization  signatures  of  the 
silver  fir  twig  are  shown  in  fig.  1  for  several  frequencies.In  the  film 
successively  following  signatures  of  the  objects  will  be  shown  so 
that  the  impression  of  a  steady  growth  versus  the  fourth  variable  is 
reached. 

[1]  KShny,  D.  et  al.;  "Coherent  Polarimetric  Signatures  of 
Coniferous  Tress,  a  Survey";  Proc.  4.  Colloq.  on  Spectral 
Sign,  of  Objects  in  Remote  Sensing;  Aussois/France  1988 

[2]  van  Zyl,  J.  et  al.;  "Imaging  Radar  Polarization  Signatures  - 
Theory  and  Observation";  Radio  Science ;  Vol.  22 1987 
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ABSTRACT 

Target  analysis  based  on  full  polarioetric  radar 
Imaging  data  is  still  in  a  very  rudimentary  stage.  The 
most  popular  methods  go  back  some  30  years,  when  it  was 
customary  to  present  rectangular  or  circular  plots  of 
radar  cross  section  (RCS)  versus  aspect  angle,  for 
horizontal  (HH),  vertical  (VV)  or  cross  polarized  (HV) 
reception  modes.  If  the  target  is  unknown,  usually 
very  little  concrete  facts  related  to  target  reality  is 
found.  This  is  because  the  radar  platform  which 
defines  the  (HV)  frame  Introduces  an  observation  bias 
relative  to  the  target's  own  angle  of  tilt,  ^i,  along 
the  radar  line  of  sight.  Other  observation  biases  may 
occur  due  to  comparison  of  some  type  of  targets  which 
differ  only  in  relative  size.  In  this  paper  the  fol¬ 
lowing  effects  on  real  target  returns  are  studied  in 
detail: 

a)  Effects  of  target  tilt  (<|>)  and  methods  to  eliminate 
target  tilt-bias  (desylng), 

b)  Effects  of  target  size  and  how  it  may  be  used  in 
target  sampling  methods  (deslzlng), 

c)  Effects  of  target  symmetries  (physical  and  radar 
target  symmetries)  or  the  lack  thereof, 

d)  Effects  of  spurious  target  parameters  typical  for 
certain  classes  of  targets  (phyllotaxis,  surface 
torsion,  curvature  and  heliclty), 

e)  The  consistent  use  of  target  decomposition  theorems 
which  are  matched  to  a  desired  man-msde  or  natural 
real-world  situation  and  environment, 

f)  The  consistent  use  of  power  measures  (Stokes  vector, 
Stokes  matrix.  Wave  and  Target  Coherency  matrix)  for 
both  coherent  and  incoherent  scattering  behavior, 

g)  The  use  of  carefully  chosen  target  significant 
pararjeters:  A^,  B^,  B,  C,  D,  E,  F,  G  and  H  provides 
for  a  cOntiiiuous  range  o£  values  to  decignate  tar¬ 
gets,  This  is  in  contrast  to,  sphere-like  or  odd 
bounce,  dlolane-llke  or  even  bounce,  older  type  of 
designations. 


Key  Words:  Target  scattering  matrix,  Mueller  matrix. 
Wave  and  Target  coherency  matrix,  polarlmetrlc 
imaging;  desying  and  deslzlng;  target  reality. 


INTRODOCTION 

The  objective  of  the  present  paper  is  to  give  a 
short  review  of  new  methods  of  data  analysis,  by  using 
full  polarlmetrlc  radar  data,  which  aim  at  target  iden¬ 
tification,  Most  current  efforts  in  this  direction  are 
still  in  a  very  primitive  stage.  Many  view  the  objec¬ 
tive  of  target  identification  as  an  operation  on  the 
incoming  data  stream,  to  be  solved  by  computer  soft¬ 
ware,  with  very  little  consideration  or  awareness  about 
the  physical  significance  the  data  may  have,  related  to 
the  reality  of  the  target  which  is  "out  there,"  In 
order  to  Improve  concerns  about  physical  target  real¬ 
ity,  one  Introduces  mdels  which  are  supposed  to  mimic 
real-world  targets.  Unfortunately,  such  models  have 
limited  use  because  of  the  variety  of  targets  and  dif¬ 
ferent  environments  in  which  they  are  placed.  One  has 
to  show  how  such  models  are  relevant  in  each  realistic 
case,  and  this  is  the  problem  one  started  out  with. 
Hence,  if  model  building  leads  to  an  infinite  regress, 
what  then  could  be  the  solution  towards  real-world 
target  identification? 

The  approach  the  author  offers  here  is  model-free, 
nor  does  it  assume  a  priori  Information  about  the 
target  or  its  environment.  Every  world  target  Is  a 
potential  object  for  Investigation,  The  approach  is 
based  on  simple  properties  of  symmetry  and  non-symmetry 
which  most  targets  must  have  and  it  emphasizes  pre¬ 
processing  of  incoming  data,  so  that  so-called  observa¬ 
tion  biases  can  be  removed  from  the  data  base.  Two 
such  well-known  biases  are  due  to  target  tilt  angle 
and  individual  target  size.  Eliminating  the  effect  of 
target  tilt  is  called  desying,  whereas  removal  of  the 
effect  of  target  size  is  called  deslzlng  of  data, 

THE  TARGET  SCATTERING  MATRIX 

In  order  to  show  how  physical  target  tilt  enters 
into  the  target  scattering  behavior  we  have  to  provide 
a  short  review  already  published  elsewhere  (Kennaugh, 
1949-1954;  Huynen,  1965,  1970,  1978,  1983),  let  the 
target  scattering  matrix  be  given  as: 


^HH 

®HV 

■ 

~a  +  b 

c  +  if 

®VH 

Syv 

c  -  id 

a  -  b 

The  SM  is  presumed  given  in  the  orthogonal  (HV)  hori¬ 
zontal-vertical  reference  frame.  Because  of  reciproc¬ 
ity  for  the  monostatic  case,  we  can  put  d  •  0,  In 
practice  one  measures  the  SM  by  transmitting  H  and  mea¬ 
suring  Sjuj,  Sijy  voltages  in  the  two  receiver  channels. 
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Chen  one  swlcches  Co  Che  verclcal  cransmlssion  mode  and 
receives  Syji  and  Syy  As  soon  as  Che  SM  Is  measured  or 
Is  known,  ic  becomes  a  pure  CargeC-properCy,  qulce 
Independenc  of  any  cype  of  wave  lllumlnaclon  or  recep- 
cionl 

THE  TARGET  ORIENTATION  OR  TILT  PARAMETER 


Ic  -bj 

Below  we  will  show  chac  Che  gencracor  for  Che  N-cargeC 
Is  Bq  -  B  »  jc]^.  The  Cerm  Jbp  In  Che  SM  (1)  plays  an 
Incermedlary  role,  tc  conCrlbuCes  boCh  co  CargeC  sym- 
mecry  as  well  as  Co  cargec-nonsymmecry. 


The  CargeC  cilc  is  defined  by  Che  soluclon  of 
Che  following  characCerlsClc  SM  eigenvalue  problem 
(Kennaugh,  19A9-1954;  Huynen,  1970,  1978,  1983) 

S  g  -  s  i*  (2) 


The  soluclon  Co  Che  eigenvalue  problem  (2)  defines  a 
unlcary  maCrlw  U,  which  Is  used  Co  diagonalize  Che  SM: 
Lee 


U  -  (gj,  g2)  (3) 

Since  and  g2  form  an  orchogonal  base,  by  which  Che 
SM  is  diagonalized,  S  ■  U*  Sj  The  veccor  scaces 
g]^  and  g2  have  physical  significance.  They  define  a 
unique  "maxlmum-polarizaClon"  (or  cross-pol  null),  gj  " 
g_  and  g2  orchogonal  Co  Ic.  ^  CransmlCCed  Co 
Che  CargeC  (ac  fixed  aspecc  angle  ac  a  given  frequency, 
eCc.),  Che  CargeC  will  recurn  maximum  power.  The  maxi¬ 
mum  power  recurned  Is  a  CargeC  characCerlsclc.  The 
characCerlsClc  wave  g^j  Is  given  In  cerms  of  phvslcally 
meaningful  geomecrlc  parameCers;  elllpClclCy  and 
crlencaclon 


cos  l|l 

-sin 

cos  Tm 

sin  tp 

cos 

1  sin 

w 


If  Che  CargeC  Is  rocaced  abouc  Che  line  of  slghc,  Che 
CargeC  CllC  will  change  and  hence  wlch  ic  i|i.  Thus  we 
have  found  an  laCrlnalc  measure  of  CargeC  CllC  lnde''en- 
denc  of  a  priori  knowledge.  Once  we  know  how  Che  cllc 
Is  formulaced  In  Che  SM  Ic  Is  possible  Co  ellalnaCe  Ic 
from  Che  daca  base! 


TARGET  SYMMETCt  AND  NON-SYMMETRt 


A  synmeCrlcal  radar  CargeC  Is  defined  as  an  obJecC 
which,  when  observed  by  radar,  has  a  plane  of  mirror 
symmeCry  going  chrough  Che  line  of  slghc  dlrecClon. 
Hence  any  roll-symmecrlcal  physical  obJecC  also  Is 
radar  cargec  symmecrlc  ac  all  aspecc  angles  and  cllc 
angles  (and  aC  all  frequencies).  However  Chere  are 
objeecs  which  have  mlrror-symmeCry  only  aC  cerCaln  pre¬ 
scribed  aspecc  angles.  Hence  a  crlhedral  has  many 
physical  planes  of  mlrror-symmeCry  buC  only  when  ChaC 
plane  conCalns  Che  radar  line  of  slghc  observaclon 
axis.  Is  chac  obJecC  radar  CargeC  symmecrlc.  He  can 
derive  an  imporcanc  propercy  for  radar  symmecrlc  Car- 
gecs:  T  ■  0.  Hence  Che  maximum  polarlzaClon  (or 
cross-pol  null)  muse  be  linear  for  symmeCrlc  radar  car¬ 
goes.  The  SM  for  radar  symmecrlc  CargeCs  (l.e.,  aC  a 
selecCed  observaclon  angle)  Is  when  ij/  -  0: 


S 


S  , 


a  +  b  0 
0  a  -  b 


(5) 


Here  a  belongs  Co  Che  unlc  macrlx  In  (5),  which  Is  Che 
case  of  specular  reCuim,  l.e.,  a  sphere,  any  convex 
surface  or  odd-bounce  gives  chis  cvpe  of  reCurn.  Below 
we  will  call  2Aq  «  |a|^  Che  generator  of  target  symme¬ 
try,  which  Is  a  much  wider  concept  (defined  by  ■  0). 
Conversely,  -  ±45°  determines  a  target  where  a  «  0. 
Such  a  cargec  Is  highly  non-symmecrlcal  and  Is  called 
an  N-target.  N-targets  play  an  Important  role  In  the 
cargec  decomposition  theorem  (see  below).  Hence  the 
scaccering  matrix  for  an  >I-target  is: 


FOHER-REUTED  TARGET  PARAMETERS 


The  target  scattering  matrix  has  obvious  Impor¬ 
tance  because  It  represents  the  target-input  data.  It 
represents  the  fleld-descrlpIClon  of  the  target  In 
amplitude  and  phases.  However,  for  Che  use  of  target 
data  as  target-identification  parameters,  a  more  suit¬ 
able  representation  of  daca  exists  In  cerms  of  power. 
In  Che  first  case  power  eliminates  the  absolute  phase 
for  the  target,  l.e.,  the  targets  become  "dlsccnnected" 
because  of  Independence  of  local  position  changes  rela¬ 
tive  to  the  radar  site  location.  Hence  power-related 
parameCers  are  Incoherently  additive.  This  property  Is 
very  Important  because  the  concept  of  object  Is  inde¬ 
pendenc  of  local  placement  in  the  environment.  It 
turns  out  that  by  computing  power  P  from  received  volt¬ 
age  V  (l.e.,  P  «  |Vr)  the  auto-  and  cross-products: 

1a|^,  |bp,  |c|^,  a  D*,  a  c*  and  b  c*  are  formed.  It 
s  clear  that  the  product  terms  (when  averaged)  produce 
Information  abouc  auto-  an.  cruos-correlations  petireen 
SM-elements.  Hence  the  average  power  <  P  >  produces 
completely  different  kinds  of  target  Information.  For 
example,  we  know  that  [a|3  in  the  SM  produces  the  spec¬ 
ular  (odd-bounce)  Cerm,  but  we  observe  below  that  In 
the  power  presentation  |a|^  becomes  a  generator  of  five 
real  parameters,  given  by  la|^,  a  b*  and  a  c*.  In 
fact,  by  this  method  |aj^  is  recognized  not  only  as 
specularity  but  as  the  generator  of  radar  target- 
symaetry.  Conversely  the  parameter  jcp  (after  elimi¬ 
nation  of  i|))  becomes  the  generator  of  target  non- 
symmetry.  A  very  Imporcanc  new  Insight  Into  target 
structure  Is  thus  created: 

A  GENERAL  RADAR  TARGET  HAY  BE  VIEHED  AS  CONSIST¬ 
ING  OF  A  PART  HHICH  IS  SYMMETRIC  AND  A  PART 
WHICH  IS  NON-SYMMETRIC,  WITH  COUPLING  TERMS 
BETWEEN  THEM. 

These  concepts  ore  derived  In  detail  next:  we 

Introduce  the  Target  Stokes  matrix  (Mueller-matrlx) 

F  C  H  «■  0 

-Ao  +  Bq  G  D 

G  Aq  +  B  E 

D  F.  Aq  -  Bl 


Mr 


Aq  +  Bq 
F 
C 

H  -  0 


(7) 


[he  coordinate-frame  In  which  Mq  is  given  is  such  that 

B  ■  g(£)  •  h(^)  (8) 

5ives  the  back  scattering  power.  If  g(^)  is  the  Stokes 
rector  for  transmit  polarization: 


g(a) 


'so 

P^  sin  iTg 

n 

81 

p-  cos  llg  cos  2^3 

Sy 

p3  cos  2T3  sin  2i(ig 

*3. 

(9) 


nd  h(b)  has  the  same  form  tor  cne  recexvc. 

^fe  SMkes  matrix  Mq  differs  from  by 

ilignci  with  the  (HV)  radar  platform.  For  that  case 
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find  In  (7)  the  Important  rule:  H  «  0.  There  Is  a 
very  simple  relationship  between  the  carefully  chosen 
nine  target  parameter  designations  In  (7)  and  the  SM 
coefficients: 


■  2Ao  . 
jbl^  -  Bo  +  B 
ic|2  -  Bo  -  B 


a  b*  -  C  -  1  D 
b  c*  -  E  +  <  F 
a  c*  "  H  +  1  G 


(10) 


Equations  (10)  apply  In  general,  with  iji  or  with  •  0. 
These  parameters  carry  basic  and  general  significance 
related  to  target  reality.  Equations  (10)  suggest  that 
an  alternative  representation  for  the  Target  Stokes 
Scattering  Operator  imist  exist  In  the  form  of  a  3x3 
Target  Coherency  matrix  (Huynen,  1985): 


(a,  b,  c)'i^  (a,  b,  c)*  - 

b  a* 

a  b* 

a  c* 

b  c* 

c  a* 

c  b^ 

|c|i 

There  is  a  one-to-one  correspondence  between  the  com¬ 
plex  matrix  (11)  and  the  real  Stokes  matrix  (7). 

Ue  notice  tnat  .(lU  Is  hermetlan  and  the  target 
generators  |a|^  and  |cp  for  symmetry  and  non-symmetry 
are  prominently  displayed  as  diagonal  terms.  The  third 
term  |b|^  plays  an  Intermediate  role  and  Is  called  "the 
generator  of  target  Irregularity,"  Thua  far  we  focused 
on  target  generators.  But  the  off-diagonal  terms  are 
equally  Important  as  real  target  designators. 

Parameters  H  and  G  are  "COUPLING"  terms.  Parame¬ 
ters  C  and  D  are  measures  of  XAKGBT  SHAPE,  C  Is  global 
shape,  l,e,,  C  •  0  for  a  sphere,  but  C  Is  large  for  a 
line  element  or  a  wire,  D  Is  related  to  "local  shape,” 
It  has  been  Identified  with  local  curvature  difference 
(Kjj  -  Ky)  on  a  convex  surface  patch  for  high-frequency 
scatter^  (Bennett  et  al,,  1973;  Boerner  et  al,,  1981; 
Foo,  1982;  Mleras,  1984;  Chaudhurl  et  al,,  1986),  The 
parameter  E  Is  related  to  surface  torsion  (Huynen, 
1988a);  It  Is  part  of  target  non-symmetry,  F  is  easily 
Identified  as  BELICITY,  being  the  difference  between 
(LC,  LC)  and  (RC,  RC)  circular  polarized  returns. 
Hence  the  full  scope  of  target  parameters  Is  given  by 
the  following  table: 


TABLE  OF  BASIC  TARGET  PARAMETERS 


Aq  "  Generator  of  Target  Symmetry 

Bq  “  Generator  of  Target  Structure  (Hamiltonian) 

Bq  -  B  ”  Generator  of  Target  Non-Symmetry 

Bq  +  B  «  Generator  of  Target  Irregularity 

Hj,  "  Coupling  due  to  Target  Tilt  Angle 

G^  »  Coupling  between  Symmetrlc/Non-Symmetrlc  Parts 

C  »  Shape  Factor  (Maximum  for  Line  Target) 

D  «  Measure  of  Local  Curvature  Difference 

E  ••  Surface  Torsion 

F  -  Target  Heliclty 


TARGET  DECOMPOSITION  THEOREM 

In  this  report  several  methods  for  polarlmetrlc 
target  averaging  are  Investigated,  For  most  target 
Identification  problems  one  look  at  a  composite  target 
does  not  give  enough  Information,  Instead,  for  an 
ensemble  of  targets,  sample  Stokes  matrix  averages 
<  M  >  are  obtained.  We  know  from  elementary  theory 
(Kennaugh,  1949-1954)  that  an  SM  for  a  single  look 
target  Is  given  by  only  five  Independent  parameters. 


but  the  general  averaged  Stokes  matrix  has  nine  inde¬ 
pendent  target  parameters  associated  with  it.  Hence  it 
is  In  general  Impossible  to  assign  a  SM  to  the  average 
target  mixture  <  M  >, 


What  remains  central  in  the  knowledge  of  target 
mixtures  Is  the  Idea  of  an  "effective  single  average 
object,"  which  does  have  a  unique  SM  equivalent.  Hence 
this  author  has  advocated  a  second  approach  which  is 
that  of  target  decomposition  (Huynen,  1970,  1978,): 


<  H  >  -  M  (ave)  +  N  (residue) 

9  par,  5  par,  4  par. 


(12) 


The  procedure  for  target  decomposition  Is  as  follows: 
First  one  starts  with  <  M  >  data  given  by  Aq,  Bq,  B,  C, 
D,  E,  F,  G  and  H,  From_these  one  computes  average 


R  T  rT 

Jo  >  ^ 


DS  E‘ 
eT  _ 


target  (p  parameters:  Aq  ,  dq  ,  „  . 

G^  and  H‘,  where  Aq^  «  Aq,  C^  “  C,  D^  “  D,  G 
H^  ■  H  (Huynen,  1970,  page  166),  Hence  the  N-target 


G  and 


parameters  are  formed  from  A, 


N 


-  rT. 


B  -  B 


cN 


0  and  H**  -  0, 


0,  D^  -  0,  E*^. 


■  o>  b/ 

E  -  E%  F' 


N  ■ 
N  _  r  . 


B' 


The  N-target  residue  Is  chosen  such  that  it  repre¬ 
sents  purely  non-symmetrlcal  target  parameters.  The 
originally  nine  Independent  parameters  on  the  left  have 
thus  been  split  into  a  set  composed  of  the  average 
single  target  (with  corresponding  SM)  given  by  five 
Independent  parameters  and  four  parameters  for  the 
N-target, 

The  N-target  has  the  desirable  property  that  as  a 
class  of  targets,  it  does  not  change  with  target  tilt  ip 
and  from  this  it  follows  that  the  process  of  target 
decomposition  (12)  Itself  does  not  change  with  target 
tilt  (rotation  of  the  radar  reference  frame  about  the 
line  of  sight  direction).  This  method  of  target  decom¬ 
position  will  be  tested  in  this  paper  for  different 
averaging  procedures.  These  new  averaging  processes 
determine  the  effects  of  Individual  target  tilts  and  of 
Individual  target  sizes  on  the  sampled  matrix  <  M  >, 
Hence  one  can  study  the  unique  N-target-decompositlons 
for  various  classes  of  targets  and  averaging  proce¬ 
dures. 


THE  PROCESSES  OF  DESTING  AND  DBSIZING  OF  INITIAL  DATA 

From  the  measured  SM  data,  the  Stokes-matrix 
parameters  for  single-look  targets  are  computed  from 
Eqs,  (10),  From  this  are  found  the  target  parameters: 
Ao>  ®0«  Without  removal 
of  the  Ip  dependence,  Ihe  parameters  have  little  physi¬ 
cal  sense,  except  Aq,  Bq  and  F  which  are  Independent  of 
target  tilt  angle  iji.  The  desying  process  is  very 
simple,  and  Is  found  In  Huynen  (1970),  We  thus  find 
the  desyed  parameters:  Aq,  Bq,  B,  C,  D,  E,  F,  G,  H  »  0 
and  t|>.  The  method  above  Is  called  desying  of  target 
parameters  or  the  process  H  «  0, 

Another  averaging  process  was  studied,  which  Is 
based  on  the  Idea  that  Individual  targets  can  be  dif¬ 
ferent  not  only  in  tilt  angle  p,  but  also  In  size. 
Comparing  two  objects  which  have  an  Identical  shape, 
but  which  are  different  in  size  alone,  leads  one  to 
look  for  a  method  of  ’eslzlng  Individual  targets. 
Obviously  the  difference^  In  size  cannot  exceed  the 
limits  posed  by  the  EM-wavelength,  by  which  the  objects 
are  being  observed. 

How  to  deslxe  an  individual  target  return  is  not 
as  obvious  as  it  may  look.  One  demands  a  parameter  for 
overall  target  size  by  which  the  data  may  be  noraalized. 
However  several  candidate  parameters  for  doing  so 
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present  themselves.  Here  some  sophistication  about 
understanding  of  the  target  return  process  might  be 
helpful.  An  obvious  device  would  be  to  take  the  span 
for  such  a  measure  and  Indeed  some  authors  would  favor 
such  a  choice  (Boerner,  1981;  Van  Zyl  et  al.,  1988). 
However,  there  are  numerous  other  choices  possible, 
each  with  a  claim  to  fame  to  represent  target  size.  If 
Span  •  Aq  +  Bq,  then  other  possibilities  are  either  Ag 
or  Bg  separately.  Obviously  also  a  combination  of 
desying  and  desizing  is  possible  I 

KXFBUMliriAL  USOLTS 

The  various  averaging  schemes  for  desying  and 
deslzing  or  mixtures  of  these  were  tested  on  a  sample, 
provided  by  Prof.  F.T.  Ulaby  from  the  University  of 
Michigan,  of  26  single  target  SM  data  for  tree  canopy 
alone  and  trees  with  trihedral  Inserted  (Ulaby,  1988). 
For  measures  of  size  were  chosen  the  span:  Ag  +  Bg, 
also  2Ag  +  Bg  and  Bg  alone,  combined  with  desying  or 
not  desying. 

A  surprising  result  was  found  (Uuynen,  1988b)  that 
desying  together  with  Bg  as  measure  of  target  size  pro¬ 
vided  the  clearest  decomposition  into  effective  target 
and  H-target  residue.  In  fact  it  was  found  that  the 
H-target  residue  for  both  trees  alone  and  trees  +  tri¬ 
hedral,  under  these  conditions,  were  almost  identical. 
This  clearly  puts  the  N-target  residue  as  part  of  the 
tree-canopy  clutter  alone,  unaffected  by  the  insertion 
of  the  trihedral. 

OOHCLOSIOM 

Sixteen  samples  of  single  target  full  polarimetric 
SH  data  were  analyzed  using  Stokes  matrix  averaging 
techniques.  One  set  consisted  of  measurements  of  a 
tree  canopy  while  the  second  set  of  samples  were  for 
trees  with  a  trihedral  inserted  in  the  foliage.  The 
sampling  procedure  covered  four  cases  with  desying 
(removal  of  tilt  angle  4i)  and  deslzing  (removal  of 
effect  of  target  size  on  the  input  data).  The  mixed 
Stokes  matrix  was  then  subjected  to  the  target  decompo¬ 
sition  theorem  (Huynen,  1970,  Chapter  7),  which  sepa¬ 
rates  from  the  target  mixture  an  average  single  target 
+  N-target  residue. 

Of  the  four  methods  of  averaging,  the  comblnsd 
effect  of  desying  and  desizing  shows  most  clearly  the 
"symmetrizing"  of  the  effective  average  target  due  to 
insertion  of  the  trihedral.  The  N-target  residue  is 
shown  to  be  largely  part  of  the  clutter  background 
alone.  This  type  of  analysis  clearly  shows  the  benefit 
of  using  parameters  related  to  target  reality,  over 
conventional  methods.  Here  a  list  of  parameters  with  a 
continuous  range  of  numerical  values  is  given  by  which 
to  investigate  real-world  target  structure. 
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Basic  aspects  oi  polarimetric  radar/lidar  target  scattering  for 
both  tiie  coherent  and  partially  coherent  cases  are  re-exairlned. 
The  optimization  procedures  for  the  coherent  case  is  formulated 
in  terms  of  a  "Three-Stage  Procedure"  for  the  general  bi-static 
case.  The  distinction  between  the  physics  of  partially  polarized 
versus  coherent  waves  is  emphasized  leading  to  a  unique  formula¬ 
tion  for  optimal  reception  of  partially  polarized  waves  scattered 
off  a  fluctuating  ensemble  of  scatterers  of  known  (measured) 
Mueller  matrices.  Expressions  for  total  available  intensity  ver¬ 
sus  adjustable  polarization-dependent  (coherent)  intensity  are 
derived  using  the  coherency  matrix  approach.  By  formulating  a 
proper  covariance  matrix,  it  is  shown  how  the  measured  Mueller 
matrix  can  be  tested  on  measurement  errors  and  how  the  partially 
polarized  case  reduces  to  the  coherent  case  resulting  in  a  unique 
set  of  optimal  polarizations. 
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RECENT  ADVANCES  IN  AIRBORNE  lERRESTRIAL  REMOTE  SENSING  WITH  THE  NASA 
AIRBORNE  VISIBLE/INFRARED  IMAGING  SPECTROMETER  (AVIRIS), 
AIRBORNE  SYNTHETIC  APERTURE  RADAR  (SAR),  AND 
THERMAL  INFRARED  MULTISPECTRAL  SCANNER  (TIMS) 


Gregg  Vane,  Diane  L.  Evans  and  Anne  B.  Kahle 


Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
Pasadena,  California 


ABSTRACT 

Significant  progress  has  been  made  in 
terrestrial  remote  sensing  from  the  air  with  three 
NASA-developed  sensors  that  collectively  cover  the 
solar-reflected,  thermal  infrared  and  microwave 
regions  of  the  electromagnetic  spectrum.  These 
sensors  are  the  Airborne  Visible/Infrared  Imaging 
Spectrometer  (AVIRIS)  (Vane,  1987),  the  Thermal 
Infrared  Mapping  Spectrometer  (TIMS)  (Kahle  et 
al.,  1980),  and  the  Airborne  Synthetic  Aperture 
Radar  (SAR)  (Held  et  al.,  1988),  respectively. 
AVIRIS  and  SAR  underwent  extensive  in-flight 
engineering  testing  in  1987  and  1988  and  are 
scheduled  to  become  operational  in  1989.  TIMS  has 
been  in  operation  for  several  years.  In  this  brief 
paper,  the  sensors  are  described.  At  the 
symposium,  results  will  be  presented  from  recent 
experiments  in  the  earth  sciences  conducted  with 
AVIRIS,  SAR  and  TIMS. 

THE SENSORS 

AVIRIS  is  a  whiskbroom  imaging  sensor  that 
is  flown  on  the  NASA  ER-2  research  aircraft.  From 
an  altitude  of  20  km,  AVIRIS  covers  a  swath  on  the 
ground  of  10.5  km  at  a  ground  instantaneous  field 
of  view  of  20  m.  Including  a  cross-  and  along-track 
spatial  oversampling  of  17  percent,  the  AVIRIS 
image  spans  614  pixels.  Two  hundred  and  ten 
inherently  registered  images  are  acquired 
simultaneously  in  10-nm-wide  contiguous  spectral 
bands  spanning  the  entire  solar  reflected  portion  of 
the  spectrum  from  0.4  to  2.5  urn.  This  is 
accomplished  by  transmitting  light  from  the  scene 
collected  by  a  common  scanning  foreoptic  to  4 
spectrometers,  each  with  a  line  array  of  detectors  in 
its  focal  plane.  Data  are  encoded  at  10  bits  and 
recorded  on-board  the  aircraft  on  a  high  density 
tape.  The  raw  data  rate  of  the  sensor  is  17  Mbps. 
Signal-to-noise  performance  referenced  to  a 
ftandard  radiance  model  with  a  surface  reflectance 
of  0.5  viewed  at  mid-latitude  in  mid-summer 


through  an  atmosphere  with  rural  aerosols  and  23 
km  visibility  is:  for  the  visible  from  about  500  to 
700  nm,  200:1;  for  the  near  infrared  from  about 
700  to  1200  nm,  from  100  to  about  150:1;  for  the 
short  wavelength  infrared  from  1200  to  1800  nm, 
100:1,  and  from  1800  to  2500  nm,  about  30:1. 
AVIRIS  will  be  flown  extensively  in  1989  in 
support  of  research  in  atmospheric  science,  botany, 
geology,  hydrology  and  oceanography. 

TIMS  is  also  a  whiskbroom  imager  with  a 
scanning  foreoptic  and  set  of  6  discrete  detectors, 
each  with  an  interference  filter.  The  sensor  covers 
the  thermal  infrared  from  8  to  12  urn  in  nearly 
contiguous  spectral  bands  centered  approximately 
at  8.3,  8  7,  9.1,  9.8,  10.5,  and  11.4  um.  The  high 
sensitivity  of  the  sensor  results  in  a  noise 
equivalent  change  in  temperature  of  0.1  to  0.3 
degrees  C.  TIMS  has  an  instantaneous  field  of  view 
of  2.5  mrad  and  a  Held  of  view  of  80  degrees.  It  is 
flown  on  a  NASA  Learjet  and  C-130  over  a  wide 
range  of  altitudes,  and  has  been  in  operation  for  six 
years,  supporting  research  in  geology  and  botany. 
Additional  experiments  are  planned  in  1989  in 
atmospheric  characterization. 

The  Airborne  SAR  is  a  3-frequency,  4 
polarization  synthetic  aperture  radar  that  is  flown 
on  the  NASA  DC-8.  The  sensor  images  in  C-band 
(5300  MHz),  L-band  (1225  MHz),  and  P-band  (440 
MHz)  simultaneously  in  HH,  HV,  VH  and  VV 
polarizations.  The  system  has  a  single  STALO  clock 
and  a  single  exciter  source,  which  operates  at  L- 
band.  Each  generated  chirp  is  converted  up  to  C- 
band  and  down  to  P-band  for  amplification  by  a 
single  TWT  for  the  P-  and  L-band  frequencies,  and 
2  separate  TWTs  at  C-band  before  being  split  into  H 
and  V  channels  for  transmission.  The  H  and  V 
transmission  events  are  separated  in  time  by  half  a 
pulse  repetition  interval.  In  this  way,  the  chirp 
waveform  for  each  frequency/polarization  is  kept 
constant,  since  the  circuitry  is  held  in  common  as 
much  as  possible.  The  high  resolution  imagery  is 
composed  of  4000  pixels  in  azimuth  by  750  pixels 
in  range,  with  nominal  4  m  and  10  m  resolutions  in 


A. 
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azimuth  and  slant  range  respectively.  The  raw  data 
rate  is  80  Mbps.  SAR  has  been  used  in  support  of 
experiments  in  sea  ice  classification,  geology, 
botany,  ocean  wave  research,  and  calibration.  It 
will  be  flown  to  Europe  in  the  summer  of  1989  in 
support  of  experiments  in  all  these  areas. 
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ABSTRACT 

Tne  geological  investigation  is  one  of 
the  most  interesting  application  fields  of 
the  remote  sensing  techniques. 

The  ne ;  airborne  imaging  spectrometers 
give  additional  possibilities i  allowing  the 
mineral  identification. 

One  of  these  sensors  was  developed  at 
JPL,  and  was  flown  on  board  )f  the  NASA  U-2 
aircraft,  during  the  first  measurement 
campaign  in  the  summer  1987,  over  a  site 
containing  both  hydrothormally  altered  and 
unaltered  rocks  well  exposed  at  ths  surface. 

Using  the  software  developed  at  our 
Institute,  any  image  of  the  site  in  any  of 
the  210  available  spectral  bands  or  the 
spectral  signature  of  any  pixel  can  be 
displayed.  The  spectral  data  carry  informa¬ 
tion  corresponding  to  the  composition  of  the 
ground  being  viewed  and  the  intervening 
atmosphere . 

Particular  attention  is  paid  to  evaluate 
the  radiometric  calibration  accuracy  and  the 
atmospheric  effects  utilizing  the  LOWTRAN  6 
computer  code. 

First  results  of  mineral  identification 
are  presented  and  discussed. 


Keywords;  AVIRIS,  Imaging  spectrometers. 
Mineralogy. 


1  .  INTRODUCTION 

The  geological  investigations  by  .aeans  of 
airborne  or  spaceborne  sensors  started 
fifteen  years  ago  with  the  launch  of  the 
first  Landsat.  The  limonite,  a  combination  of 
Fe3*  minerals,  was  the  first  and  only  rock 
material  identified  from  the  Multispectral 
Scanner  System  data  analysis  ^nd  thir 
capability  was  used  for  mapping  hydrothermal- 
ly  altered  rocks. 


The  addition  of  the  l.GS/iim  and  2.22pm 
bands  on  the  Thematic  Mapper  allowed  the 
detection  of  the  classes  of  minerals  that 
have  OH,  HOH,  or  CO)  absorption  features, 
but  it  was  impossible  to  discriminate  the 
minerals  inside  the  classes.  Only  the  use 
of  high  spectral  resolution  remote  sensing 
can  allow  the  mineral  Identification. 

For  this  purpose  during  the  last  decade 
same  spectrometers  have  been  flying  on 
board  of  aircrafts  or  spacecrafts.  The  Kost 
promising  seems  to  be  the  Airborne  Visible 
Infrared  Imaging  Spectrometer  (AVIRIS) 
(Ref.l),  an  airborne  prototype  for  the 
High-Resolution  Imaging  Spectrometer 
(HIRIS)  (Ref. 2)  planned  for  launch  in  the 
mid  19908  on  the  polar-orbiting  space 
platform. 

The  AVIRIS  operaten  in  the  whisk-broom 
imaging  mode  with  a  spectral  coverage  from 
0.40  to  2.45pm  divided  into  210  adiacent 
spectral  bands . 

In  the  first  season  of  operation  during 
the  sump.er  1987 ,  the  AVIRIS  flew  on  board 
of  the  NASA  U-2  aircraft  acquiring  data 
over  more  than  30  different  sites  located 
in  the  United  States.  A  site  was  located  in 
the  Cuprite  mining  district  in  western 
Nevada. 

2.  SITE  DESCRIPTION 

The  Cuprite  area  is  well  known  from  a 
geological  point  of  view  ^nd  contains  both 
hydi’Otherraally  altered  and  unaltered  rocks, 
well  exposed  and  nearly  devoid  of  vegeta¬ 
tion  (Ref. 3) . 

In  particular  the  eastern  Imlf  of  the 
district  is  an  area  of  extensive  hj'„  ■”'ier- 
mal  alteration  within  a  sequenne  of 
rhyolitic  welded  ash  flow  and  air  fall 
tuffs.  The  altered  units  consist  of  a 
central  core  of  almost  pure  silica,  a  ring 
of  opslized  cocks  containing  alunite  and 
kaolinite,  and  an  outer  argillized  zone 
containing  mainly  kaolinite,  montmoril- 
lonite,  and  opal,  and  some  limonite. 
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3.  DATA  EVALUATION 


4.  CONCLUSIONS 


The  radiometrically  corrected  image  set, 
acquired  over  the  Cuprite  district,  is 
obtained  from  the  Jet  Propulsion  Laboratory, 
allowing  us  to  evaluate  the  ability  of  the 
AVIRIS  for  the  identification  of  several 
minerals . 

The  image  set  forms  a  data  cube  of  which 
two  axes  represent  spatial  dimensions  and  the 
third  represents  the  spectral  dimension.  The 
size  of  the  data  cube  is  512  pixels  along  the 
flight  direction  by  614  pixels  along  the 
cross-track  direction,  with  a  ground  instan¬ 
taneous  field  of  view  of  20  meters,  by  210 
spectral  bands,  ranging  from  0.40  to  2.45pm 
with  a  spectral  resolution  of  9.8nm.  The 
data,  in  the  format  of  16  bit  words,  have  a 
resolution  of  10  bits. 


Using  the  software  developed  at  our 
Institute,  any  image  of  the  site  in  any  of 
the  210  available  spectral  bands  or  the 
spectral  signature  of  any  pixel  can  be 
displayed.  In  particular  four  images,  each 
from  a  different  AVIRIS  spectrometer,  are 
considered  to  evaluate  the  data  quality. 

Several  periodic  noises  are  present  in 
the  image  data  in  addition  to  the  random 
noise.  These  types  of  noise  are  already 
detected  taking  into  account  the  images 
themselves.  The  mechanical  vibrations  and 
electronics  interferences  seem  to  bo  respon¬ 
sible  for  the  rise  of  the  pattern  noise. 

Another  way  to  evaluate  the  data  quality 
is  to  consider  the  image  histograms.  An 
example  is  given  in  Figure  1:  (A)  for  the 

spectral  band  n.30,  centered  at  0.684pm;  (B) 
for  the  spectral  band  n.68,  centered  at 
1.05'um;  (C)  for  the  spectral  band  .i.l25, 

centered  at  1.615pm;  (D)  for  the  spectral 

band  n.l8B,  centered  at  2.233pm. 

If  the  spectral  data  related  to  a  certain 
pixel  are  considered,  they  carry  information 
corresponding  to  the  composition  of  the 
ground  being  viewed  and  the  intervening 
atmosphere,  as  shown  in  Figure  2  for  the 
overall  aVIRIS  spectrum  and  in  Figure  3  for 
the  spectrum  between  1.9  and  2.5pm. 


Unfortunately  the  signal-to-noise  ratio 
of  the  available  data  decrease  too  rapidly 
from  the  visible  spectral  bands  to  the 
infrared  ones,  reaching  a  value  around  20:1 
at  2 . 2pm  (Rc f . 4 ) . 


In  order  to  evaluate  the  atmospheric 
contribution,  the  LOWTRAN  6  computer  program 
is  used  (Ref.  5).  The  transmittance  of  the 
atmosphere,  computed  in  the  spectral  region 
and  in  according  to  the  parameters  of  our 
interest  listed  in  Table  1,  is  reported  in 
Figure  4  . 


The  comparison 
Figure  3  and  4 
identifications . 


between 

allows 


graphs 

first 


as  in 
mineral 


The  imaging  spectrometry  seems  to  offer 
the  possibility  of  identifying  the  minerals 
containing  iron  as  well  as  those  bearing 
OH,  CO 3,  and  S04. 

Nevertheless  the  improvement  in  sig¬ 
nal-to-noise  performances  of  the  AVIRIS, 
specially  in  the  infrared  bands,  should 
allow  mapping  of  alteration  area. 
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Figure  1.  The  histograms  of  the  four  spectral  images  of  the  Cuprite  mining  district. 
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Figure  2.  The  AVIRIS  total  spectrum  of 
two  adiacent  pixels. 


Figure  3.  The  AVIRIS  spectrum  between 
1.9  and  2.5pm  as  in  Figure  2. 
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-  Atmospheric  model : 
midlatitude  summer 

-  Aerosol  model: 

up  to  2  km:  rural i  23  km  visibility 

from  2  to  10  km:  tropospheric 

from  10  km  to  20  km:  background  strato 

-  Path: 

from  20  km  to  sea  level  (angle: 

1800) 

-  Frequency  range: 
from  4000  to  5250  cm'^ 

Table  1 .  Parameters  for  the  LOWTRAN  6 
transmittance  calculation. 


LOWTRAN  6 


fr*rn  20km  •  t.  W.Ltwmm«r  29hm 


1.f  2.1  2.S  2 1 

WAVttCMOTH  0«m> 


Figure  4.  Computed  atmospheric  trans¬ 
mittance  from  1.9  to  2.5^m. 
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ABSTRACT 

Our  goal  of  understanding  the  Mesozoic  tectonic 
setting  of  the  Dolly  Varden  Mountains  in  Nevada  was 
aided  by  combining  remote  sensing  data  with  detailed 
field  mapping.  Significant  faults  in  the  range  were 
delineated  by  convolving  a  directional  filter  with  Landsat 
Thematic  Mapper  (TM)  data.  Existing  geologic  maps  were 
improved  upon  by  analyzing  information  derived  from 
TM  data  as  well  as  from  the  Thermal  Infrared 
Multispectral  Scanner  (TIMS)  and  the  Airborne  Imaging 
Spectrometer  (AIS). 

A  time  constraint  is  provided  by  correlating  Mesozoic 
structures  with  an  early  Cretaceous  intrusion.  The 
association  of  parts  of  the  stock  and  its  attendant 
metamorphism  to  north  trending  normal  faults  indicates 
that  in  the  early  to  middle  Mesozoic  the  area  was 
undergoing  extension  along  an  axis  oriented  east-west. 
Early  fractures  within  the  stock  are  filled  in  some  places 
with  aplite,  microgranite  and  other  late  stage  dikes  which 
trend  N35®W  and  suggest  that  by  Cretaceous  time  the 
extension  axis  had  rotated  to  a  roughly  NE-SW 
orientation. 

Keywords;  Imaging  Spectrometry,  Thematic  Mapper, 
Thermal  Infrared  Multispectral  Scanner,  Airborne 
Imaging  Spectrometer 

INTRODUCTION 

In  eastern  Nevada  and  western  Utah  is  an 
extensive  terrane  that  has  experienced  a  complex  tectonic 
history  of  Mesozoic  deformation  and  superposed  Tertiary 
extension.  In  Utah,  this  terrane  is  referred  to  as  the  Sevier 
foreland  thrust  belt  where  thrusting  of  sedimentary  rocks 
in  an  easterly  direction  occurred  during  the  Cretaceous  to 
early  Tertiary  Sevier  Orogeny.  West  of  the  Wasatch 
Mountains,  superposed  Cenozoic  extension  has 
complicated  the  tectonic  picture.  This  region,  whose 
western  boundary  is  defined  by  the  thrusts  of  the  Antler 
ufugenic  bell  (figure  1),  Lummulil)^  icfelled  to  dd  the 
hinterland  of  the  Sevier  erogenic  belt.  The  Mesozoic 
history  of  the  region  has  been  controversial  for  the  past 
twenty  or  more  years  (e.g.,  Misch,  1960;  Armstrong,  1972; 
Miller  et  al,  1983).  Many  of  the  low-angle  normal  faults  of 
the  region  were  once  considered  to  be  thrusts.  It  is  likely 
that  Tertiary  extension  has  reactivated  Mesozoic  faults 
(Snow,  1963)  further  complicating  the  recognition  of 


Mesozoic  versus  Cenozoic  structures.  A  key  to  a  better 
understanding  of  the  tectonic  history  of  the  region  is  the 
documentation  of  geologic  field  relations  coupled  with 
information  on  the  timing  of  some  of  the  tectonic  events 

The  Dolly  Varden  Mountains  in  eastern  Nevada 
were  chosen  as  the  study  area  for  the  beginning  phase  of 
an  investigation  of  the  tectonic  history  of  this  part  of 
Nevada  because  of  the  amount  of  previous  work  already 
done  in  the  range  and  the  occurrence  of  an  early 
Cretaceous  intrusion  to  provide  some  time  constraints  on 
the  Mesozoic  deformation. 

Remote  sensing  data  of  two  general  types,  broad 
band  and  imaging  spectrometer,  were  collected  over  the 
area.  "Broad  band  sensors"  refers  to  Landsat  TM  and 
TIMS,  as  their  bandwidlhs  are  on  the  order  of  tens  to  one 
thousand  nanometers.  An  imaging  spectrometer  such  as 
the  AIS  can  collect  data  in  narrow,  contiguous  bands  with 
widths  on  the  order  of  ten  nanometers.  Spectra  that  are 
produced  from  a  sensor  such  as  the  AIS  provide  high- 
spectral-resolution  information  where  the  locations  and 
shapes  of  absorption  features  can  be  accurately  determined 
(Goetz  et  al,  1985).  Thus,  these  data  can  be  used  to 
differentiate  between  the  many  mineral  species  that  have 
various  absorption  features  due  to  charge  transfer,  crystal 
field  effects,  molecular  vibrations  and  other  mechanisms 
(Goetz  et  al,  1985).  Mineral  maps  can  be  produced  that 
show  the  distribution  of  the  minerals  which  dominate  the 
picture  elements  (pixels)  in  a  scene,  significantly  reducing 
the  amount  of  field  mapping  and  laboratory  analysis 
required  for  a  geologic  study. 

GEOLOGY 

The  Dolly  Varden  Mountains  are  located  about  60 
kilometers  southwest  of  the  town  of  Wendover.  The 
exposed  sedimentary  section  contains  2200  meters  of 
Permian  and  Triassic  miogeoclinal  rocks  including 
limestone,  dolomite,  sandstone,  siltstone,  chert  and  shale 
(Atkinson  et  al.,  1982). 

The  Mesozoic  Melrose  Stock  which  intruded  the 
sedimentary  rocks  has  yielded  a  K-Ar  age  of  125  Ma  +20,  -5 
m.y.  (Snow,  1963).  An  adjacent  diorite  dike  was  dated  at 
154  Ma  (K-Ar  age)  by  W.  J.  Moore  of  the  U.  S.  G.  S. 
(Atkinson  et  al.,  1982).  The  stock  contains  at  least  two 
phases,  a  monzonite  and  a  quartz  monzonite  (Moore, 
1976).  Metamorphism  along  the  intrusive  contact  is 
variable  in  extent  and  mineralogy.  In  the  lower  part  of 
the  Paleozoic  section,  limestone  and  sandstone  show  only 
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recrystallization  in  an  aureole  that  locally  is  less  than  a 
meter  wide.  The  degree  and  extent  of  metamorphism 
increases  upsection  to  widths  of  one  kilometer,  being 
most  pervasive  near  some  large  faults.  Andraditic- 
grossularitic  garnet,  diopside,  wollastonite  and  minor 
forsterite  are  the  highest  grade  minerals  found. 
Subsequent  retrograde  alteration  has  produced  tremolite, 
talc,  serpentine,  montmorillonite,  chlorite,  sepiolite  and 
saponite.  Numerous  quartz  latite  and  rhyolite  porphyry 
dikes,  possibly  related  to  the  stock  are  found  within  and 
near  the  margin  of  the  intrusion  (Atkinson  et  al.,  1982). 

Tertiary  volcanic  rocks  of  probable  Oligocene  age 
cover  most  of  the  eastern  part  of  the  range  (figure  2).  They 
include  andesite  lavas  and  quartz  latite  and  rhyolite  ash- 
flow  tuffs.  These  rocks,  like  the  older  sedimentary  and 
igneous  rocks,  have  been  tilted  to  the  east  about  20  degrees 
as  a  result  of  Cenozoic  extension. 

MESOZOIC  STRUCTURES 

Folds 

Folding  in  the  range  is  primarily  restricted  to  three 
anticlines  within  the  Paleozoic  section  (Snow,  1963; 
Atkinson  et  al,  1982).  The  Victoria  Anticline  plunges 
gently  ENE  and  lies  just  to  the  south  of  the  Melrose  Stock. 
The  stock  intruded  passively  and  to  some  degree  the 
anticline  was  a  favorable  structure  for  emplacement.  The 
Blackhawk  Anticline  trends  north  and  is  slightly 
overturned  with  an  axial  plane  that  dips  to  the  east.  The 
Keystone  Anticline  trends  northerly  and  is  located  on  the 
southeast  side  of  the  range.  These  folds  appear  to  be  the 
oldest  structures  in  the  range  as  they  are  cut  by  the  second 
oldest  structures,  north-trending  normal  faults 
(Snow,1963). 

Faults 

North-trending  normal  faults  apparently  were 
zones  of  weakness  present  during  intrusion  of  the  stock, 
as  in  some  places,  parts  of  the  intrusion  are  sublinearly 
aligned  along  them.  In  the  south-central  part  of  the  range, 
calc-silicate  metamorphic  minerals  were  formed 
preferentially  along  brecciated  zones  associated  with  these 
faults. 

Joints  and  Dikes 

The  oldest  post-intrusive  structures  are  N35°W 
trending  joints  in  the  stock,  of  which  a  number  have  been 
hydrothermally  alteied  and  filled  with  aplite,  pegmatite 
and  microgranite  dikes  that  dip  steeply  to  the  southwest 
(Snow,  1963).  This  would  suggest  that  immediately  after 
intrusion  of  the  stock,  the  axis  of  least  principal  stress  in 
the  region  was  oriented  NE-SW.  Fissures  on  the 
southeast  side  of  the  range  appear  to  be  somewhat 
younger  and  trend  north  and  northeast.  They  commonly 
are  filled  by  veins  or  altered  porphyry  dikes. 

LANDSAT  TM,  TIMS  AND  AIS  DATA  ANALYSIS 
Landsat  TM 

Directional,  three-by-three  box  filters  were 
convolved  in  the  spatial  dimension  with  band  5  of  TM 
data  to  enhance  linear  features  in  the  scene.  Three  filters 
were  made  to  enhance  features  trending  north,  NIZ'E  and 
N60‘’W  which  correlated  with  previously  mapped  faults. 
This  technique  delineated  mapped  major  faults  and  also 
provided  evidence  that  some  faults  are  more  extensive 


than  previous  maps  had  shown. 

Color  images  were  made  with  various  ratio  and 
principal  component  scenes  as  well  as  decorrelation 
stretches  (Moik,  1980;  Gillespie  et  al,  1986).  These  images 
delineate  the  igneous,  sedimentary  and  various  volcanic 
units  found  in  the  area.  A  ratio  image  with  bands  5/7  as 
red,  3/1  as  green  and  3/5  as  blue  shows  carbonate  rocks  as 
magenta,  the  monzonite  stock  as  bluish  green,  rhyolite  as 
lime  green,  quartz  latite  as  light  orange  and  andesite  as 
purple. 

A  principal  component  scene  was  made  putting  PC 
2  in  the  red  plane,  PC  3  in  green  and  PC  4  in  blue.  Good 
differentiation  of  rock  units,  especially  volcanic  rocks  is 
evident  in  this  scene. 

Finally,  a  decorrelation  stretch  was  applied  using  all 
bands  except  the  thermal  one.  Three  resulting  bands  that 
show  the  most  contrast  in  exposed  rocks  were  then  used 
to  make  the  color  image.  This  image  is  not  as  good  for 
differentiation  in  the  carbonate  and  sandstone 
sedimentary  rocks,  but  is  excellent  for  the  igneous  rocks. 

All  three  resulting  TM  images  were  used  to 
improve  the  geologic  map  of  the  area  and  to  correlate 
volcanic  units  throughout  the  range.  Obviously,  field 
geologists  were  unable  to  follow  every  contact  in  the  field 
so  that  delineation  of  rock  units  is  improved.  Differences 
in  the  volcanic  rocks  are  especially  enhanced  in  the 
images;  in  some  cases,  these  differences  are  not  apparent 
when  comparing  adjacent  outcrops  in  the  field. 

TIMS 

TIMS  data  were  enhanced  using  a  decorrelation 
stretch  on  bands  1,  3  and  5,  then  displaying  them  as  blue, 
green  and  red  respectively.  Silica-rich  rocks  are  generally 
red  to  orange  using  this  method,  and  the  monzonite,  the 
most  silicate-rich  rock  in  the  area,  is  reddish.  Good 
differentiation  of  felsic  thiough  intermediate  volcanic 
rocks  is  also  apparent  in  the  image. 

AIS 

Airborne  Imaging  Spectrometer  data  were  collected 
during  the  same  flight  as  the  TIMS  data.  The  data  is 
concentrated  around  the  metamorphic  aureole  for  the 
purpose  of  mapping  metamorphic  minerals  and  studying 
their  relationship  to  faults. 

The  radiance  data  acquired  by  the  sensor  should  be 
converted  to  reflectance  in  order  to  be  able  to  extract 
information  on  the  minerals  present.  As  there  was  no 
onboard  calibration  during  the  flight,  the  data  could  not  be 
converted  to  absolute  reflectance.  However,  the  data  were 
converted  to  internal  average  relative  reflectance  using 
the  method  described  by  Kruse  (1988).  The  data  were  first 
normalized  using  an  equal  energy  spectral  normalization 
which  scales  the  sum  of  the  DN's  (digital  numbers)  in 
each  spectrum  to  a  constant  value.  This  step  removes 
albedo  differences  due  to  topographic  effects.  An  average 
spectrum  was  then  calculated  for  each  flight  line  and 
divided  into  each  spectrum  in  that  flight  line  to  remove 
atmospheric  and  solar  effects.  One  must  be  aware  that  any 
absorption  features  that  are  common  throughout  a 
majority  of  pixels  will  be  evident  in  the  average  spectrum 
for  the  whole  flight  line.  This  will  have  the  effect  of 
producing  a  peak  in  reflectance  for  pixels  that  do  not  have 
minerals  with  that  particular  feature.  These  relative  (to 
the  average  spectrum)  reflectance  spectra  were  then 
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analyzed  using  the  Spectral  Analysis  Manager  (SPAM) 
program  developed  by  the  California  Institute  of 
Technology  Jet  Propulsion  Laboratory.  In  order  to  handle 
the  large  amount  of  data  obtained  by  an  imaging 
spectrometer,  SPAM  uses  a  binary  spectral  encoding 
algorithm  which  can  efficiently  separate,  identify  and 
classify  spectra  through  use  of  this  signature  matching 
method  (Goetz  et  al,  1985).  The  spectra  were  compared  to 
library  mineral  spectra  in  SPAM  (figure  3)  and  some 
mineral  maps  produced  showing  distribution  of  such 
phases  as  calcite,  dolomite,  tremolite,  kaolinite  and 
montmorillonite. 

CONCLUSIONS 

Our  knowledge  of  the  geologic  structure,  and 
distribution  of  rock  types  and  metamorphic  minerals  is 
improved  through  our  use  of  various  remote  sensing  data 
types,  combined  with  our  field  work.  Significant  faults  are 
easily  discerned  in  directionally  filtered  TM  scenes.  It  is 
evident  from  detailed  field  mapping  and  remote  sensing 
data  that  in  pre-Cretaceous  time  the  Dolly  Varden  area 
was  in  an  extensional  regime  as  evidenced  by  the 
association  of  parts  of  the  stock  and  its  attendant 
metamorphism  with  normal  faults.  The  northerly  trends 
of  these  faults  suggest  that  the  axis  of  least  principal  stress 
was  oriented  east-west  sometime  during  the  early  to 
middle  Mesozoic. 

The  presence  of  N35°W  trending  joints  in  the  stock 
provides  evidence  that  in  Cretaceous  time  the  area  was 
still  undergoing  extension,  but  the  least  principal  stress 
direction  had  rotated  to  roughly  a  NE-SW  orientation. 
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WYOMING 


Figure  1.  Location  of  the  Dolly  Varden  Mountains. 


2.  Generalized  geologic  map  of  the  Dolly 

Vaxden  Range  shorviiig  the  association  of 
metamorphism  and  alteration  with  north 
trending  faults. 


WAVEUNTH  (mltnmaltn) 

Figure  3.  Comparison  of:  a)  laboratory  spectra  taken  by 
the  Portable  Instant  Display  and  Analysis 
Spectrometer  (PIDAS).  b)  spectra  taken  by  the 
Airborne  Imaging  Spectrometer  (AIS). 

Spectra  are  vertically  offset  for  clarity. 
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ABSTRACT 

The  Airborne  Imaging  Spectrometer  (AIS),  and  the 
Airborne  Visible/Infrared  Imaging  Spectrometer  (AVIRIS)  were 
used  to  map  the  alteration  mineralogy  of  a  hydrothermal 
system  in  the  Northern  Grapevine  Mountains,  Nevada  and 
California  using  detailed  spectral  characteristics.  Areas  of 
quartz-serlcite-pyrite  (QSP)  alteration  were  identified  based  on 
the  presence  of  sericlte  (fine-grained  muscovite)  spectral 
features  near  2.2  pm.  Areas  of  argillic  alteration  were  defined 
based  on  the  presence  of  montmorillonite.  Calcite  and 
dolomite  were  identified  using  the  AIS  based  on  sharp 
absorption  features  near  2.3  pm.  Iron  oxide  distribution  was 
mapped  using  the  AVIRIS  visible  wavelengths.  The 
mineralization  observed  is  similar  to  that  seen  in  some 
disseminated  porphyry  copper  type  deposits.  The  Imaging 
spectrometer  data,  however,  show  that  the  distribution  of 
alteration  is  usually  fracture  controlled  and  field  checking 
indicates  that  widespread  supergene  alteration  is  not  present. 

Keywords'.  Iniaging  spectrometry,  mineral  mapping, 
hydrothermal  alteration 

INTRODUCTION 

Detailed  maps  of  the  distribution  of  alteration  minerals 
at  the  surface  are  often  the  key  to  understanding  the  processes 
by  which  mineral  deposits  form  and  to  determining  the 
location  of  ore  bodies.  These  maps  are  usually  produced  by 
detailed  field  mapping  combined  with  expensive  laboratory 
analysis  techniques.  High  spectral  resolution  remote  sensing 
(imaging  spectrometry)  is  a  new  tool  that  can  be  used  to  quickly 
produce  detailed  maps  for  previously  unmapped  areas,  and  to 
guide  field  geologic  mapping  efforts.  It  can  substantially  reduce 
required  field  mapping  and  laboratory  analyses  by  making 
positive  identification  of  mineralogy  possible. 

Imaging  spectrometry  is  "the  simultaneous  acquisition 
of  images  in  many  narrow,  contiguous  spectral  bands"  (Goetz  et 
al,  1985).  Analysis  of  imaging  spectrometer  data  allows 
extraction  of  a  detailed  spectrum  for  each  picture  element 
(pixel)  of  the  image.  The  AIS  was  an  experimental  imaging 
spectrometer  flown  from  1983-87  to  test  two-dimensional,  near- 
infrared  area  array  detectors.  This  instrument  Imaged  32  (AIS- 
1)  or  64  (AlS-2)  cross-track  pbcels  simultaneously,  collecting  data 
in  128  contiguous  narrow  (9.3  nm)  channels  from 
approximately  1.2  to  2.4pm  (Vane  et  al,  1983).  The  Airborne 
Visible/Infrared  Imaging  Spectrometer  (AVIRIS)  is  a  224- 
channel  Instrument  measuring  surface  radiance  over  the 
spectral  range  0.41  to  2.45  pm  in  approximately  10  nm-wide 
bands  (Porter  and  Enmark,  1987). 

High  spectral  resolution  reflectance  spectra  such  as  those 


collected  by  imaging  spectrometers  allow  direct  Identification  of 
minerals  based  upon  their  reflectance  characteristics.  Molecular 
vibrations  in  minerals  result  in  characteristic  overtone  and 
combination  tone  absorption  bands  in  the  infrared  near  1.4, 1.9, 
2.2,  and  2.3  pm  (Hunt,  1977).  The  positions  and  shapes  of  these 
absorption  features  vary  in  a  predictable  fashion  for  different 
minerals  (Hunt  and  Salisbury,  1970;  Hunt  et  al,  1971;  Lee  and 
Raines,  1984).  Additional  broad  absorption  bands  are  present  in 
minerals  such  as  iron  oxides  at  wavelengths  less  than  about  0.95 
pm  because  of  intervalence  charge  transfer  between  O^*  and 
Fe^'f'  and  crystal  field  transitions  dependent  on  the  type  and 
degree  of  crystallinity  (Hunt,  1977). 

GEOLOGY 

The  study  area  in  the  northern  Grapevine  Mountains, 
Nevada,  has  been  studied  in  detail  using  conventional  geologic 
mapping,  geochemistry,  field  and  laboratory  reflectance 
spectroscopy,  and  imaging  spectrometers  (Wrucke  et  al,  1984; 
Kruse,  1988).  Precambrlan  bedrock  consists  of  limestones, 
dolomites,  sandstones  and  their  metamorphic  equivalents. 
Mesozoic  plutonic  rocks  include  quartz  syenite,  a  quartz 
monzonite  porphyry  stock,  and  quartz  monzonite  dikes. 
Tertiary  volcanic  rocks  are  abundant  around  the  periphery  of 
the  study  area  (Wrucke  et  al,  1984).  Quaternary  deposits  include 
Holocene  and  Pleistocene  fanglomerates,  pediment  gravels,  and 
alluvium. 

The  Mesozoic  rocks  are  cut  by  narrow  north-trending 
mineralized  shear  zones  containing  sericite  (fine  grained 
muscovite)  and  iron  oxide  minerals.  Slightly  broader  zones  of 
disseminated  quartz,  pyrite,  sericite,  chalcopyrite,  and  fluorite 
mineralization  occur  in  the  quartz  monzonite  porphyry.  This 
type  of  alteration  is  spatially  associated  with  fine-grained  quartz 
monzonite  dikes.  There  are  several  small  areas  of  quartz 
stockwork  exposed  at  the  surface  in  the  center  of  the  area. 
Skam,  composed  mainly  of  brown  andradite  garnet  intergrown 
with  calcite,  epidote,  and  tremolite,  occurs  around  the 
perimeter  of  the  quartz  monzonite  stock  in  Precambrlan  rocks. 

IMAGING  SPECTROMETER  DATA  ANALYSIS 
Preprocessing 

Preprocessing  of  imaging  spectrometer  data  is  usually 
required  to  remove  both  dropped  lines  and  bad  bands  from  the 
data.  Individual  bad  lines  are  replaced  with  the  average  of  the 
two  adjacent  lines.  In  the  AIS  data,  a  pronounced  vertical 
striping  pattern  was  also  observed  in  the  images,  probably 
caused  by  varying  dark  current  offsets  in  detectors  in  the  pixel 
direction.  This  striping  was  removed  using  a  histogram¬ 
matching  algorithm  (Dykstra  and  Segal,  1985).  Bad  bands  in 
both  the  AIS  and  AVIRIS  data  were  replaced  with  the  average 
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of  adjacent  bands.  The  dark  current  file  was  subtracted  from  the 
AVIRIS  data.  A  running  7  line  by  1  band  box  was  used  to  filter 
the  data  before  subtraction  because  of  the  high  noise  level  In  the 
AVIRIS  dark  current  data. 

Wavelength  Calibration 

Laboratory  measurements  by  Jet  Propulsion  Laboratory 
(JPL)  provided  the  initial  wavelength  calibration  for  both  the 
AIS  and  AVIRIS  data.  An  additional  check  on  the  wavelength 
calibration  was  made  by  comparing  the  positions  of  known 
atmospheric  absorption  features  to  their  locations  in  the 
imaging  spectrometer  data.  Atmospheric  carbon  dioxide  (CO2) 
absorption  band » located  at  2.005,  and  2.055  nm  are  useful  for 
wavelength-calibration  of  the  data  in  the  infrared  (Vane,  198'^. 
Comparison  of  the  positions  of  these  band  in  both  the  AIS  and 
AVIRIS  data  show-id  that  the  JPL  calibrations  were  accurate  to 
within  one  channel. 

Calibration  to  Reflectance 

Calibration  to  reflectance  is  mandatory  for  detailed 
analysis  of  imaging  spectrometer  data.  Ideally  the  data  should 
be  calibrated  to  absolute  reflectance.  This  requires  onboard 
calibration  for  each  flight  which  was  not  available  for  the 
imaging  spectrometer  data.  Both  the  AIS  and  AVIRIS  data  used 
in  this  study  were  initially  converted  to  internal  average 
relative  (lAR)  reflectance  (Kruse,  1988).  This  conversion  was 
selected  because  it  does  not  require  a  priori  knowledge  of  the 
site.  The  lAR  reflectance  procedure  requires  that  albedo 
differences  be  removed  from  the  images  so  that  tl  e  spectral 
information  can  be  extracted.  This  was  accomplished  using  an 
"equal  area  normalization"  as  described  in  Vane  and  Goetz 
(1985).  The  normalization  scales  the  sum  of  the  DN's  in  each 
spectrum  (each  pixel  with  N  bands)  to  a  constant  value.  lAR 
reflectance  is  then  calculated  by  determining  an  average 
spectrum  for  all  flightlincs  acquired  on  an  individual  mission 
and  dividing  each  spectrum  in  each  flightline  by  the  average 
spectrum.  The  resulting  spectra  represent  reflectance  relative  to 
the  average  spectrum  and  resemble  laboratory  spectra  acquired 
of  the  same  materials  (Kruse,  1988).  When  looking  at  an  lAR 
reflectance  spectrum  it  should  be  remembered  that  the  average 
spectrum  used  to  calculate  the  lAR  reflectance  spectrum  may 
Itself  have  spectral  character  related  to  mineral  absorption 
features.  This  can  adversely  affect  the  appearance  of  the  lAR 
reflectance  spectra  and  limit  their  usefulness  in  comparisons 
with  laboratory  spectra  (Clark  et  al,  1987).  Ihe  average  spectrum 
for  the  flightlines  analyzed  in  this  study  did  not  contain  any 
obvious  mineral  absorption  features. 

An  alternative  to  onboard  calibration  or  lAR  reflectance 
conversion  is  to  use  a  standard  area  on  the  ground  to  calibrate 
the  data  (Roberts  et  al,  1985)  however,  this  approach  requires  a 
priori  knowledge  of  each  site.  The  calibration  to  reflectance 
requires  choosing  two  ground  target  regions  with  albedos  that 
span  a  wide  range  and  acquiring  field  spectra  to  characterize 
them.  Field  spectra  were  measured  and  samples  were  collected 
for  the  study  area  during  1984-1988.  For  this  study  the  two 
calibration  targets  used  were  volcanic  tuff  (bright  target)  and 
quartz  syenite  outcrops  and  gravel  (dark  target).  The  second 
step  in  the  process  involves  picking  the  multiple  pixels  in  the 
airborne  data  set  that  are  associated  with  each  ground  target. 
Then  a  linear  regression  is  calculated  for  each  band  to 
determine  the  gains  and  offsets  required  to  convert  the  DN  to 
reflectance  (Kruse  et  al,  1989).  The  final  step  in  the  calibration  is 
to  multiply  the  instrument  UN  values  by  the  proper  gain  factor 
and  to  add  the  corresponding  offset  value.  The  result  is  the 
removal  of  atmospheric  effects  (both  attenuation  and 
scattering),  viewing  geometry  effects,  and  residual  instrument 
artifacts.  While  no  such  correction  can  be  perfect,  it  does  allow 
conversion  of  the  remotely  sensed  spectra  into  a  form  that  can 
be  readily  compared  with  laboratory  or  field  acquired  spectra. 


Analysis  techniques 

The  last  32  channels  (2.1-2.4  jim)  of  the  AIS  data  in  the 
lAR  reflectance  format  were  analyzed  using  automated 
absorption  band  mapping  techniques  (Kruse,  1988).  The 
strongest  absot;  'on  feature  in  the  2.1-2.4  jtm  portion  of  each 
AIS  spectrum  was  mapped  into  an  interwlty,  hue,  saturation 
(IHS)  color  transform  (Raines,  1977)  and  then  transformed  into 
the  red,  green,  blue  (RGB)  color  space.  The  band  position  was 
mapped  into  hue,  the  band  depth  into  intensity,  and  the  band 
width  into  saturation.  Trat«formation  of  the  IHS-encoded 
spectral  inf.,rmation  into  the  RGB  color  space  produced  an  "IHS 
absorption  band  image"  in  which  all  the  absorption  band 
information  for  the  strongest  absorption  feature  between  2.1 
and  2.4  pm  in  each  pixel  was  present  In  the  color  variation 
(Kruse,  1988).  A  mineraloglcal  map  was  then  produced  through 
visual  interpretation  of  the  color  image  and  examination  of 
individual  AIS  spectra. 

The  AVIRIS  data  were  analyzed  using  a  new  software 
package  called  "Integrated  Software  for  Imaging  Spectrometers" 
(ISIS)  (Torson,  1989)  developed  by  the  United  States  Geological 
Survey  in  Flagstaff,  Arizona  and  enhanced  by  CSES/Unlversity 
of  Colorado.  ISIS  is  a  software  package  that  allows  interactive 
analysis  of  imaging  spectrometer  data.  Individual  pixels  and 
area  averages  can  be  selected  for  spectral  airalysis.  Part  of  the 
image  display  shows  a  spatial  image  and  the  rest  of  the  display 
shows  a  stacked,  gray-scaled  or  color-coded  spectral  image 
(Marsh  and  McKeon,  1983;  Kruse,  1988).  The  stacked  spectra 
correspond  to  a  slice  through  the  spatial  image  which  can  be 
interactively  selected  in  real  time.  Concurrent  tasks  allow 
spectral  matching  of  image  spectra  to  library  spectra  and  overlay 
of  the  matched  areas  onto  a  single  band  image. 

AIS  RESULTS 

Two  AlS-1  flightlines  acquired  in  1984,  one  AlS-1 
fllghtline  acquired  in  1985,  and  four  AlS-2  fllghtlines  acquired 
in  1986  were  prepared  as  IHS-coded  absorption  band  images  for 
spectral  analysis.  Individual  spectra  and  groups  of  spectra  were 
extracted  from  the  AIS  data  and  comparisons  were  made  to 
laboratory  standards  and  published  spectra  to  identify  alteration 
minerals  (Hunt,  1979;  Hunt  and  Ashley,  1979;  Lee  and  Raines, 
1984).  Several  minerals  were  identified  using  the  AIS  data. 
Some  of  the  alteration  in  the  area  consists  of  quartz-sericite- 
pyrite  ((JSP)  alteration  as  identified  from  absorption  features  at 
2.207,  2.245,  and  2.346  pm  for  sericlte  (fine-grained  muscovite) 
(Figure  1).  Areas  of  argillic  alteration  were  defined  by  the 
presence  of  a  weak  to  moderate  absorption  feature  near  2.21(un 
caused  by  montmorlllonite  and  the  absence  of  the  2.346  pm 
sericite  band  (Figure  1).  Areas  of  mbted  montmorlllonite  and 
sericite  could  not  be  distinguished  from  those  having  only 
sericite.  The  AIS  data  also  allowed  positive  identification  of 
calcite  and  dolomite  based  on  the  presence  of  absorption 
features  near  2.34  and  2.32  pm,  respectively  (Figure  2)  and 
zeolite-group  minerals  based  on  an  absorption  band  near  2.4 
pm  (Kruse,  1988). 

AVIRIS  RESULTS 

The  AVIRIS  data  for  thb  site  were  reduced  to  lAR 
reflectance  as  described  in  the  preprocessing  section.  The  ISIS 
program  was  used  to  extract  spectra  for  areas  of  known 
mineralogy.  Figure  3  shows  an  AVIRIS  spectrum  for  sericite 
(fine  grained  muscovite)  compared  to  a  laboratory  spectrum  of 
muscovite.  Figure  4  shows  an  AVIRIS  carbonate  spectrum 
compared  to  a  laboratory  spectrum  of  dolomite.  Both  AVIRIS 
spectra  are  very  noisy,  although  they  are  averages  of  several 
pixels.  Severe  signal-to  noise  problems  degraded  the  quality  of 
all  spectra  extracted  from  the  AVIRIS  data  and  differentiation 
between  calcite  and  limestone,  and  muscovite  and 
montmorlllonite,  previously  demonstrated  with  AIS  data,  was 
not  possible  using  the  AVIRIS  spectra.  These  findings  indicate 
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that  the  AVIRIS  data  is  not  as  useful  as  the  AIS  data  for 
mapping  subtle  mineralogical  variation,  primarily  because  of 
low  signal-to-noise.  Although  the  AVIRIS  data  were  useful  for 
mapping  strong  mineral  absorption  features  and  producing 
mineral  maps  at  the  Nevada  site,  it  is  clear  that  significant 
improvements  to  the  instrument  performance  are  required 
before  AVIRIS  will  be  an  operational  instrument. 

An  additional  attempt  to  map  minerals  was  made  after 
the  calibration  to  reflectance  using  ground  targets.  Spectra, 
profiles,  and  stacked,  color-coded  spectra  were  extracted  from 
the  AVIRIS  data  and  these  derivative  data  were  compared  to 
AIS  results,  field  and  laboratory  spectra,  and  geologic  maps. 
Average  spectra  were  extracted  for  two  types  of  carbonate  spectra 
and  one  typical  "clay"  spectrum.  These  spectra  appear  similar  to 
the  lAR  reflectance  spectra.  Even  though  these  minerals  have 
very  strong  absorption  features,  they  are  only  marginally 
identifiable  as  mineral  groups  using  the  AVIRIS  data  because  of 
high  noise  in  the  data.  Binary  encoding  (Mazer  et  al,  1988)  was 
used  to  map  the  distribution  of  these  the  carbonates  and  clay. 
Additionally,  a  representative  iron  oxide  spectrum  was 
extracted  from  the  data  (Figure  5)  and  used  to  map  surface  iron 
oxide  distribution. 

CONdUSIONS 

The  mineral  assemblages  and  distributions  mapped 
from  the  AIS,  and  AVIRIS  data  were  used  to  assist  in 
development  of  a  model  for  the  alteration  and  mineralization 
for  the  study  area.  The  two  alteration  types  (QSP  and  argillic 
alteration)  defined  with  the  imaging  spectrometer  data  appear 
to  be  related  to  separate  stages  of  mineralization.  Field  checking 
shows  that  quartz-sericite-pyrite  (QSP)  alteration  is  the 
predominant  alteration  type  in  the  area  and  is  spatially 
associated  with  quartz  monzonite  dikes  and  possibly  a  larger 
quartz  monzonite  body  at  depth.  New  areas  of  quartz-sericite- 
pyrite  «3SP)  alteration  were  identified  using  the  remote  sensing 
data.  The  argUlic  alteration  zone  occurs  in  quartz  syenite,  and  is 
spatially  associated  with  a  granitic  intrusion.  The 
mineralization  observed  at  the  northern  Grapevine  Mountains 
site  is  similar  to  that  seen  in  some  disseminated  porphyry 
copper  type  deposits,  however,  it  is  localized,  mostly  fracture 
controlled,  and  widespread  supergene  alteration  is  not  present. 
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Figure  1.  AIS-1  spectrum  for  montmorillonlte  compared  to  an 
AIS-1  spectrum  for  sericite.  Note  that  the  sericite 
spectrum  drops  off  towards  a  2.35  pm  absorption 
feature  while  montmorillonlte  spectrum  does  not 
Spectra  are  offset  for  clarity. 


Figure  2.  AIS-1  spectrum  of  calcite  (2.35pm)  compared  to  AIS-1 
spectrum  of  dolomite  (Z32  pm)  Spectra  are  offtel  for 
darity. 


Figures.  Comparison  of  continuum  removed  AVIRIS 
spectrum  of  sericite  and  lab  spectrum  of  muscovite. 
Spectra  are  offset  for  clarity. 


REFLECTANCE 


956 


Figure  4.  Comparison  of  continuum  removed  AVIRIS 
carbonate  spectrum  to  dolomite.  Spectra  are  offset 
for  cbrity. 


Figures.  Comparison  of  AVIRIS  iron  oxide  spectrum  to 
hematite  and  goethite  lab  spectra.  Poor  signal-to- 
noise  characteristics  nnake  identification  difficult,  but 
the  AVIRIS  spectrum  more  closely  resembles 
goethite  than  hematite. 
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LITHOLOGY  AND  STRUCTURE  WITHIN  THE  BASEMENT  TERRAIN  ADJACENT  TO 
CLARK  MOUNTAINS,  CALIFORNIA,  MAPPED  WITH  CALIBRATED  DATA  FROM  THE 
AIRBORNE  VISIBLE/INFRARED  IMAGING  SPECTROMETER 


Robert  0.  Green  and  Gregg  Vane 


Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
Pasadena,  California 


BACKGROUND 


The  Clark  Mountains  lie  just  to  the  north  of 
Interstate  15  in  eastern  California,  between 
Barstow,  California  and  Las  Vegas,  Nevada.  The 
rugged,  highly  dissected  area  is  nearly  5000  feet 
above  sea  level,  with  Clark  Mountain  rising  to 
8000  feet.  The  rocks  comprising  the  Clark 
Mountains  and  the  Mescal  Range  just  to  the  south 
are  Paleozoic  carbonate  and  clastic  rocks,  and 
Mesozoic  clastic  and  volcanic  rocks  standing  in 
pronounced  relief  above  the  fractured 
Precambrian  gneisses  to  the  east  (Evans,  1974). 
The  Permian  Kaibab  Limestone  and  the  Triassic 
Moenkopi  and  Chinle  Formations  are  exposed  in 
the  Mescal  Range,  which  is  the  only  place  in 
California  where  these  rocks,  which  are  typical  of 
the  Colorado  Plateau,  are  found.  To  the  west,  the 
mountains  are  bordered  by  the  broad  alluvial 
plains  of  Shadow  Valley.  Cima  Dome,  which  is  an 
erosional  remnant  carved  on  a  batholithic  intrusion 
of  quartz  monzonite,  is  found  at  the  south  end  of 
the  valley.  To  the  east  of  the  Clark  and  Mescal 
Mountains  is  found  the  Ivanpah  Valley,  in  the 
center  of  which  is  located  the  Ivanpah  Playa.  The 
geography  of  the  area  is  shown  in  Figure  1. 


Figure  1.  Location  of  the  AVIRIS  imagery 
acquired  over  the  Clark  Mountains  in  1987.  Shown 
are  Ivanpah  Valley,  the  Clark  Mountains,  the 
Mescal  Range,  and  Shadow  Valley.  The  locations  of 
several  calibration  targets  used  in  the  study  are 
also  indicated. 


The  Clark  Mountains  are  best  known  for  the 
Mountain  Pass  carbonatite  complex,  which  contains 
the  world's  largest  known  concentration  of  rare 
earth  elements  in  an  area  that  is  about  7  miles 
long  by  3  miles  wide  (Olson  et  al.,  1954).  In  a  15 
mile  radius  around  this  area  there  have  been 
many  mines  and  prospects  for  gold  and  copper,  as 
well  as  lead,  zinc,  tungs'  •  tin,  silver  and 
antimony.  Unrelated  to  the  deposits  of  rare  earths, 
the  metallic  mineralization  is  controlled  largely  by 
faults  and  intrusives  of  Cretaceous  age.  The 
Mountain  Pass  rare  earth  district  lies  in  a  block  of 
Precambrian  rock  bounded  on  three  sides  by  faults 
and  on  the  fourth  by  the  alluvium  of  the  Ivanpah 
Valley.  The  country  rock  consists  of  a  complex  of 
gneisses  and  schists.  Cutting  across  the  foliation  of 
the  metamorphic  complex  are  bodies  of  alkalic 
rock,  associated  with  which  are  hundreds  of  dikes 
of  carbonate  and  a  large  carbonatite  body.  There 
are  also  swarms  of  pegmatite  dikes  trending 
northward,  and  swarms  of  andesite  dikes  of 
younger  age  trending  eastward.  The  rare  earth 
mineralization  is  restricted  to  the  large  carbonatite 
body  and  carbonate  dikes  and  occurs  primarily  as 
the  mineral  bastnaesite  (Olson  and  Pray,  1954). 
The  diverse  mineralogical  composition  of  the 
Mountain  Pass  area  make  it  an  attractive  target  for 
research  in  high  spectral  resolution  remote 
sensing. 

STUDIES  OF  THE  CLARK  MOUNTAINS  WITH  THE 
AIRBORNE  VISIBLE/INFRARED  IMAGING 
SPECTROMETER 

In  1987,  images  were  acquired  of  the  Clark 
Mountains  with  the  Airborne  Visible/Infrared 
Imaging  Spectrometer  (AVIRIS)  during  its  first 
flight  season.  AVIRIS  is  a  whisk-broom  sensor 
that  acquires  images  in  220  contiguous  10  nm 
wide  spectral  bands  over  a  10.5  km  swath  with  a 
ground  instantaneous  field  of  view  of  20  m  (Vane, 
1987).  The  purpose  of  the  Clark  Mountains 


958 


experiment  was  dual:  To  study  the  geology  of  the 
area,  and  to  assess  the  performance  of  the  sensor 
in  a  complex  geological  setting.  The  latter  was  the 
primary  purpose  of  the  1987  experiment,  and  will 
be  addressed  in  summary  fashion  in  this  paper.  A 
subsequent  experiment  is  being  conducted  in  1989 
which  will  address  the  geological  objectives.  One 
of  the  chief  attractions  of  the  Clark  Range  from  a 
sensor  performance  evaluation  standpoint  is  the 
rare-earth-bearing  carbonatite  of  Mountain  Pass. 
As  noted  above,  the  Mountain  Pass  carbonatite 
contains  a  high  concentration  of  the  mineral 
bastnaesite,  which  has  seven  generally  recognized 
rare  earth  metals,  although  others  are  present  in 
very  small  amounts.  The  seven  are  cerium, 
lanthanum,  neodymium,  praseodymium, 
samarium,  gadolinium,  and  europium.  Calcite  is 
also  a  major  constituent  of  bastnaesite.  Laboratory 
spectral  reflectance  curves  for  4  of  the  bastnaesite 
rare-earth-element  oxides  are  shown  in  Figure  2 
(Rowan  et  al,  1986).  In  Figure  3,  a  laboratory 
spectral  reflectance  curve  for  bastnaesite  itself  is 
shown  (Adams,  1965).  The  abundant  absorption 
features  result  from  electronic  transitions  in  the 
plus-three-charged  rare  earth  elements.  These 
features  in  conjunction  with  various  narrow 
atmospheric  absorption  features  were  used  to 
assess  the  spectral  resolution  of  AVIRIS. 


LABORATORY  SPECTRA  REE  OXIDES 


Figure  2.  Laboratory  reflectance  spectra  for  the 
four  rare-earth  oxides  of  europium,  neodymium, 
samarium  and  praseodymium,  all  of  which  occur  in 
the  mineral  bastnaesite,  one  of  the  major 
components  of  the  Mountain  Pass  carbonatite 
(from  Rowan  et  al.,  1986). 
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Figure  3.  A  reflectance  spectrum  of  the  mineral 
bastnaesite  acquired  with  a  Beckman  UV5240 
laboratory  spectroradiometer  showing  the  sharp 
absorption  features  in  the  visible  and  near 
infrared  spectral  regions  caused  by  trivalent  rare 
earth  elements  (Adams,  1965). 


An  AVIRIS  image  of  Mountain  Pass  is  shown 
in  Figure  4.  The  area  of  active  mining  is 
immediately  north  of  the  highway  crossing  the 
image.  Figure  5  is  an  AVIRIS  spectrum  from  a 
pixel  within  the  open  mine  pit  (Green  et  al„  1988). 
The  spectrum  has  been  corrected  to  reflectance 
using  the  empirical  line  algorithm  described  by 
Conel  et  al.  (1987),  which  compensates  for 
multiplicative  components  of  solar  illumination, 
atmospheric  attenuation  and  instrument  response, 
as  well  as  for  the  additive  factors  of  atmospheric 
path  radiance  and  instrument  dark  current.  The 
gaps  in  the  spectrum  centered  at  approximately 
940,  1125,  1400  and  1900  nm  are  due  to  strong 
atmospheric  water  absorption.  The  offsets  in  the 
reflectance  curves  at  about  700  and  1280  nm  are 
due  to  changes  in  the  response  functions  of  the 
AVIRIS  spectrometers  over  the  duration  of  the 
flight  line  (Vane  et  al.,  1988).  Three  strong 
absorption  features  are  clearly  seen  between  700 
and  900  nm.  These  are  due  to  the  presence  of 
neodymium.  A  smaller  feature  can  also  be  seen  at 
600  nm  which  is  due  to  neodymium  or 
praseodymium,  or  a  combination  of  both.  Other 
absorption  features  evident  in  Figure  5  include  a 
possible  neodymium  feature  at  about  1600  nm  and 
a  strong  CO3  absorption  at  2300  nm.  Possible  ’.'are 
earth  absorption  feature  associated  with  europium 
may  be  present  between  2000  and  2100  nm,  but 
low  signai-to-noise  performance  in  this  part  of  the 
spectrum  preclude  drawing  strong  conclusions 
about  these  low  amplitude,  high  resolution 
features. 

Work  with  this  and  other  data  sets  from 
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Figure  4.  An  AVIRIS  image  in  one  10-nm  wide 
spectral  band  centered  at  about  1013  nm.  The 
area  imaged  is  about  10  by  11  km.  The  Mountain 
Pass  mine  is  just  to  the  north  of  Interstate  15. 


1987  confirmed  that  AVIRIS  met  many  of  its 
performance  requirements,  but  deficiencies  were 
found  in  the  signal-to-noise  and  in  the  spectral 
resolution  of  some  of  the  AVIRIS  spectrometers. 
The  radiometric  response  function  was  also  found 
to  vary  from  fliglit  to  flight  and  to  a  lesser  degree, 
within  a  given  flight.  Additional  engineering  work 
was  done  on  the  sensor  in  1988.  Results  will  be 
presented  at  the  symposium  on  the  performance  of 
the  sensor  based  on  recent  in-flight  experiments 
over  the  Clark  Mountains.  Also  to  be  presented 
will  be  structural  and  lithological  mapping  based 
on  the  analysis  of  calibrated  AVIRIS  data  from  the 
Clark  Mountains. 
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Figure  5.  An  AVIRIS  reflectance  spectrum  from 
a  pixel  centered  at  the  open  pit  mine  at  Mountain 
Pass  (Green  et  al.,  1988).  The  spectrum  has  been 
corrected  using  the  empirical  line  reflectance 
retrieval  algorithm.  The  three  strong  neodymium 
absorption  features  between  700  and  900  nm  are 
well  resolved.  Other  features  in  the  spectrum  are 
discussed  in  the  text. 
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ABSTRACT 

LANDSAT  Thematic  Mapper  (TM)  images  and 
Geophysical  and  Environmental  Research  Imaging 
Spectrometer  (GERIS)  data  were  analyzed  for  the 
Cuprite  mining  district  and  compared  to  available 
geologic  and  alteration  maps  of  the  area.  The  TM  data 
with  30  meter  resolution  and  6  broad  bands  allowed 
discrimination  of  general  mineral  groups.  Clay 
minerals,  playa  deposits,  and  unaltered  rocks  were 
mapped  as  discrete  spectral  units  using  the  TM  data, 
but  specific  minerals  were  not  determined  and  defrnition 
of  the  individual  alteration  zones  was  not  possible. 

The  GERIS,  with  15  meter  spatial  resolution  and 
63  spectral  bands,  permitted  construction  of  complete 
spectra  and  identification  of  specific  minerals.  Detailed 
spectra  extracted  from  the  images  provided  the  ability  to 
identify  the  minerals  alunite,  kaolinite,  hematite,  and 
buddingtonite  in  the  Cuprite  district  by  their  spectral 
characteristics.  The  (jERIS  data  show  a  roughly 
concentrically  zoned  hydrothermal  system.  The 
mineralogy  mapped  with  the  aircraft  system  conforms 
to  previous  field  and  multispectral  image  mapping. 
However,  identification  of  individual  minerals  and 
spatial  display  of  the  dominant  mineralogy  add 
information  that  can  be  used  to  help  determine  the 
morphology  and  genetic  origin  of  the  hydrothermal 
system. 

Keywords:  Imaging  Spectrometry,  Thematic  Mapper, 
Cuprite,  Nevada 

INTRODUCTION 

The  Cuprite  mining  district,  located  about  15  km 
south  of  Goldfield  on  U.S.  Highway  95  in  southwest 
Nevada  (Figure  1),  is  an  excellent  area  to  test  remote 
sensing  technology  because  of  the  good  rock  exposures 
and  the  presence  of  several  distinct  mineral 
assemblages.  Cuprite  has  been  used  for  many  studies 
over  the  years  and  an  extensive  image  database  and 
collection  of  field  and  laboratory  spectra  exist  for  the 
district  (Rowan  et  al,  1974;  Kahle  and  Goetz,  1983;  Goetz 
and  Srivastava,  1985).  Tho  geology  of  the  district  is 
relatively  well  known  and  has  been  described  in  detail  by 
Abrams  et  al  (1977),  Ashley  and  Abrams  (1980),  and 
Shipman  and  Adams  (1987).  Bedrock  consists  of 
Tertiary  volcanic  and  volcaniclastic  rocks,  principally 
rhyolitic  ash-flow  tuffs  with  some  air-fall  tuff  (Abrams  et 
al,  1977).  The  volcanic  rocks  have  been  extensively 
modified  in  the  Cuprite  district  by  hydrothermal 


alteration.  Ashley  and  Abrams  (1980)  identified  three 
mappable  zones  of  alteration  consisting  of  an  intensely 
altered  central  silica  cap  surrounded  by  subsequently 
less  altered  zones  of  opalized  and  argillizcd  rock  (Figure 
1).  The  mineralogy  in  the  silicified  zone  was  observed  to 
be  primarily  quartz  with  minor  calcite,  alunite,  and 
kaolinite.  The  opalized  rocks  contain  the  alteration 
minerals  opal,  alunite,  and  kaolinite.  The  argillized 
zone  mineralogy  consists  of  kaolinite  derived  from 
plagioclase,  and  montmorillonite  and  opal  derived  from 
volcanic  glass. 

ANALYSIS  SOFTWARE 

Complete  analysis  of  imaging  spectrometer  data 
requires  sophisticated  image  processing  techniques  that 
combine  simultaneous  extraction  and  display  of  both 
spectral  and  spatial  information.  Analysis  software  is 
under  development  at  several  locations  that  takes 
advantage  of  the  combined  high  resolution  grapliics  and 
imaging  capabilities  of  modern  image  processing 
workstations  (Mazer  et  al,  1988;  Torson,  1989).  An 
analysis  package  called  "Integrated  Software  for 
Imaging  Spectrometers"  (ISIS)  (Torson,  1989)  was  used 
for  the  analysis  of  the  Cuprite  GERIS  and  TM  data.  ISIS 
runs  on  a  Digital  Equipment  Corporation  (DEC) 
VAXstation  with  a  (3PX  color  graphics  display 
configured  with  an  additional  1024  x  1024  image  display 
(IVAS,  by  International  Imaging  Systems).  This 
combination  allows  simultaneous  display  of  three 
spatial  image  planes  as  a  color  composite  image  on  the 
IVAS  display  with  a  side  slice  showing  the  spectral 
dimension,  and  real-time  display  of  spectra  on  the  GPX 
graphics  screen.  A  vertical  line-cursor  on  the  IVAS 
display  shows  the  location  of  the  spectral  slice,  while  a 
standard  crosshair-cursor  shows  the  location  of  the 
current  spectrum.  Concurrent  application  processes 
allow  selection  of  ground  targets  for  calibration, 
extraction  of  average  spectra,  and  spectral 
classification.  CSES  is  developing  concurrent  ISIS 
analysis  programs  that  utilize  expert  system  capabilities 
(Kruse  et  al,  1988)  and  allow  spectrtd  immixing  to  be 
used  in  the  image  classification  (Boardman,  1989). 

COMPARATIVE  ANALYSIS  OF 

TM  AND  GERIS  DATA 
Themata'nMantiflr 

TM  data  have  30  meter  spatial  resolution  and  six 
broad  spectral  bands  in  the  visible  and  near  infrared. 
TM  data  also  have  a  band  in  the  thermal  region  which 
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was  not  used  in  this  analysis.  The  scene  used  in  this 
study  was  obtained  in  October  1984.  The  data  were 
converted  to  exoatmospheric  reflectance  using  look-up- 
tables  published  by  EOSAT  (Markham  and  Barker, 
1986). 

The  TM  data  were  analyzed  using  both  traditional 
techniques  and  the  ISIS  software.  False  color 
composites,  color  ratio  composites  and  traditional 
maximum  likelihood  classification  techniques  were 
used  to  analyze  the  data  (Rowan  et  al,  1974;  Lillesand 
and  Kiefer,  1987).  Both  the  classification  and  ratio 
images  show  the  best  resul‘’s  by  allowing  discrimination 
of  general  mineral  groups.  Unaltered  and  altered  rocks 
are  mapped  as  discrete  units  but  individual  mineral 
discrimination  is  not  obtained.  A  classification  was  also 
performed  on  the  TM  data  using  the  ISIS  "spectrum 
ratioing"  technique.  This  method  classifies  an  image  by 
dividing  the  spectrum  for  each  pixel  in  the  image  by  a 
refeience  spectrum  extracted  from  the  data.  The 
resulting  average  deviation  from  100%  is  compared  to  a 
tolerance  to  determine  if  the  image  spectrum  matches 
the  reference  spectrum.  This  technique  was  used 
successfully  to  discriminate  the  iron  bearing  areas  from 
non-iron  areas  in  the  TM  data.  This  technique  did  not 
work  well  in  discriminating  between  the  alunitic  and 
clay  areas.  Figure  2  shows  the  extracted  spectra  from 
the  TM  data  for  known  mineralogical  units.  The  TM 
spectra  obviously  undersample  the  available  spectral 
detail  and  are  very  similar  for  the  alunite,  kaolinite,  and 
buddingtonite.  Only  the  hematite  spectrum  has  spectral 
character  that  makes  it  different. 

GERISData 

The  Geophysical  and  Environmental  Research 
Imaging  Spectrometer  (GERIS)  instrument  is  the  first 
commercial  imaging  spectrometer.  Imaging 
spectrometers  measure  light  reflected  from  the  Earth's 
surface,  utilizing  many  narrow  contiguous  spectral 
bands  to  construct  detailed  reflectance  spectra  for 
millions  of  discrete  picture  elements  (pixels)  (Goetz  et  al, 
1985).  The  GERIS  collects  data  from  0.43  to  2.5  pm  in  64 
channels  of  varying  width  using  three  grating 
spectrometers  with  three  individual  linear  detector 
arrays.  The  24  visible  and  infrared  bands  between  0.43 
and  0.972  are  23  nm  wide,  the  8  bands  in  the  infrared 
between  1.08  and  1.8  pm  are  120  nm  wide,  and  the  31 
bands  from  1.99  to  2.5  pm  are  16  nm  wide  (William 
Collins,  written  communication,  1988).  The  GERIS  was 
flown  over  Cuprite  during  August  1987. 

Analysis  of  the  GERIS  data  in  the  spectral 
dimension  results  in  extraction  of  absorption  band 
information  that  allows  definition  of  the  surface 
mineralogy  at  Cuprite.  Because  complete  spectra  can  be 
extracted  from  the  imaging  spectrometer  data,  it  was 
possible  to  identify  and  map  individual  minerals  using 
an  ISIS  "binary  encoding"  technique  (Mazer  et  al,  1988). 
The  GERIS  data  show  a  roughly  concentrically  zoned 
hydrothermal  system  (Figure  3).  The  mapped  mineral 
zones  do  not  correspond  one-for-one  to  Abrams' 
alteration  zones,  however,  a  general  match  is  observed. 
A  central  silica  cap  mapped  previously  by  Abrams  et  al 
(1977)  (Figure  1)  was  not  distinguished  using  spectral 
classification  of  the  63  channel  imaging  spectrometer 
data  because  spectra  of  the  cap  were  highly  variable  and 
no  r’laracteristic  spectrum  was  identified.  The  imaging 
spectrometer  data  show  that  the  first  zone  out  from  the 
silica  rep  consists  primarily  of  alunite  with  absorption 
bands  ai.  2.16,  2.32,  and  2.42  pm  (Figure  4).  This 
corresponds  with  portions  of  the  opalized  zone  mapped 


by  Abrams  et  al  (1977).  A  kaolinitic  zone  is  found  farther 
from  the  center  with  an  asymmetrical  absorption  band 
at  2.21  pm  (Figure  4).  This  corresponds  in  part  with  the 
argillized  zone  of  Abrams.  Significant  occurrences  of 
alunite  and  kaolinite  are  also  mapped  west  of  U.  S. 
Highway  95,  however,  these  exposures  are  outside  the 
area  of  mapped  alteration  and  have  not  yet  been 
evaluated  in  the  field.  Areas  of  ammonium  enrichment 
near  the  northwest  edge  of  the  former  hydrothermal 
system  were  identified  by  using  the  GERIS  data  to  detect 
the  presence  of  the  mineral  buddingtonite. 
Buddingtonite  is  an  ammonium  bearing  feldspar 
discovered  in  the  Cuprite  district  using  the  NASA 
Airborne  Imaging  Spectrometer  (AIS)  (Goetz  and 
Srivastava,  1985).  Although  very  difficult  to  recognize  in 
the  field,  identification  of  buddingtonite  was  possible 
using  the  imaging  spectrometer  data  because  of  the 
presence  of  a  broad  2.117  pm  absorption  band  and  a 
secondary  narrow  band  near  2.02  pm  (Krohn,  1986; 
Krohn  and  Altaner,  1987)  (Figure  4).  Hematite  mapped 
using  the  GERIS  data  (Figure  5)  is  distributed  primarily 
around  the  contact  between  the  altered  and  unaltered 
volcanic  rocks. 

SUMMARY 

High  spectral  resolution  remote  sensing  (imaging 
spectrometry)  is  a  new  tool  that  can  be  used  to 
supplement  existing  geologic  maps  and  to  quickly 
produce  detailed  information  for  previously  unmapped 
areas.  Analysis  of  imaging  spectrometer  data  allows 
extraction  of  a  detailed  spectrum  for  each  picture 
element  (pixel)  of  the  image.  Broad-band  remote 
sensing  systems,  such  as  the  Landsat  Multispectral 
Scanner  (MSS)  and  Landsat  Thematic  Mapper  (TM), 
drastically  undersample  the  information  content 
available  from  a  reflectance  spectrum  and  identification 
of  individual  minerals  is  not  possible.  An  imaging 
spectrometer,  on  the  other  hand,  samples  at  close 
intervals  and  allows  construction  of  spectra  that  closely 
resemble  those  measured  with  laboratory  instruments 
(Figure  6).  The  high  spatial  and  spectral  resolution 
imaging  spectrometer  systems  make  identification  of 
individual  minerals  and  mineral  assemblages  possible. 

Zoned  mineralogy  mapped  at  Cuprite,  Nevada 
using  the  GERIS  system  conforms  in  a  general  sense  to 
previous  field  and  multispectral  image  mapping. 
Identification  of  individual  minerals,  however,  using 
the  imaging  spectrometer  data  and  spatial  display  of  the 
dominant  mineralogy  adds  information  that  can  be  used 
to  help  determine  the  morphology  and  genetic  origin  of 
the  hydrothermal  system.  The  imaging  spectrometer 
data  shows  that  the  zoning  at  Cuprite  has  many 
characteristics  similar  to  those  described  for  large 
replacement-type  alunite  deposits  (Hall  and  Bauer, 
1983). 
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Figure  2.  Cuprite,  Nevada  thematic  mapper 
reflectance  spectra  for  kaolinite,  alunite, 
buddingtonite,  and  hematite.  All  four 
spectra  are  offset  vertically  for  clarity. 
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Note  that  the  image  was  not  geometrically 
corrected  prior  to  interpretation  and  thus 
the  orientation  and  geometry  of  the  image 
does  not  exactly  match  that  of  the  alteration 
map  shown  in  figure  1.  Comparison  of  the 
mineral  map  with  the  alteration  map  is 
facilitated  by  noting  the  locations  and 
geometry  of  U.S.  Highway  95  near  the  east 
edge  of  the  image  and  Stonewall  Playa  near 
the  center  of  the  right  edge. 


Figure  4.  Comparison  of  GERIS  buddingtonite, 
alunite,  and  kaolinite  spectra  showing  the 
locations  of  the  strongest  absorption  bands. 
All  three  spectra  are  offsec  vertically  for 
clarity. 


Figure  5.  Comparison  of  laboratory  spectra  of 
hematite  and  goethite  and  a  GERIS 
spectrum  fi’om  Cuprite,  Nevada  interpreted 
to  contain  hematite.  Note  the  match  of  the 
broad  absorption  feature  near  0.85  pm.  All 
three  spectra  are  offset  vertically  for  clarity. 


WAVELENGTH  (micrometers) 

Figure  6.  Comparison  of  a  laboratory  spectrum  of 
alunite  (Sulfur,  California),  a  TM  spectrum 
from  Cuprite,  Nevada,  and  a  GERIS 
spectrum  from  Cuprite,  Nevada.  Note  the 
loss  of  characteristic  absorption  band 
information  in  the  TM  spectrum.  All  three 
spectra  are  offset  vertically  for  clarity. 
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ABSTRACT 

X-Ray  diffraction  studies  of  ciay  minerals  from 
several  disseminated  gold  deposits  in  Nevada 
demonstrate  that  illite  polytypes  are  often  laterally  and 
vertically  zoned  around  ore  bodies.  Polytypes  act  as 
geothermometers  indicating  temperatures  of  ore 
deposition  and  thus  proximity  to  the  hydrothermal  fluids 
during  deposition.  The  distribution  of  iliite  mineralogy 
was  evaluated  for  several  major  disseminated  gold 
deposits  in  Nevada  using  a  field  portable  reflectance 
spectrometer.  Changes  in  the  visible /near-infrared 
reflectance  spectra  were  observed  as  the  illites  progressed 
from  the  lower  temperature,  less  ordered  IM  variety 
through  the  higher  temperature  2M  type.  Distinctive 
absorption  features  near  1.90  and  2.20  pm  and  between  23- 
2.5  pm  in  both  field  and  laboratory  spectra  differentiated 
interlayer  water,  structural  water  (OH-),  and  some 
octahedral  layer  characteristics.  Field  reflectance 
spectroscopy  can  be  used  to  assist  exploration  efforts  by 
providing  detailed  mineralogical  information  in  real-time 
at  the  field  location.  As  the  new  generation  of  imaging 
spectrometers  is  developed  it  is  likely  that  subtle  spectral 
differences  such  as  those  between  the  illite  polytypes  will 
become  useful  for  remote  exploration  for  mineral 
deposits. 

INTRODUCTION 

Reflectance  spectroscopy  and  multispectral  remote 
sensing  are  proven  tools  for  locating  and  mapping 
hydrothermally  altered  rocks  (Rowan  et  al,  1974;  Marsh 
and  Mckeon,  1983;  Goetz  et  al,  1985;  Lee,  1985; 
Hutinspiller,  1988;  Feldman  and  Taranik,  1986;  Kruse, 
1988;  Kruse  et  al,  1989).  Broad  band  systems  such  as  the 
Landsat  Multispectral  Scanner  (MSS,  4  spectral  bands)  and 
Thematic  Mapper  (TM,  6  spectral  bands)  provide  an 
operational  capability  that  can  be  used  by  the  exploration 
geologist  to  identify  areas  for  more  detailed  study. 
However,  these  instruments  identify  only  general 
mineral  groups  such  as  carbonates,  clays,  and  iron  oxides. 
New  imaging  spectrometer  systems  with  higher  spatial 
and  spectral  resolution  (up  to  224  narrow  spectral  bands) 
make  identification  of  individual  minerals  (alunite, 
kaolinite,  illite,  hematite,  goethite,  etc.)  and  mineral 
assemblages  possible  thus  permitting  detailed  site-specific 
mapping  of  alteration  mineralogy. 

The  Carlin-Trend  disseminated  gold  deposits  of 


north-central  Nevada  are  ideal  for  study  of  alteration 
assemblages  using  field  and  laboratory  spectral 
measurements  and  multispectral  remote  sensing  because 
the  geology  is  generally  well  known  and  gold  assays 
already  exist  for  many  areas.  The  Carlin  mine  in  Eureka 
County,  Nevada,  was  selected  for  the  initial  study  because 
it  is  recognized  as  the  type  locallity  for  the  original 
sediment  hosted  disseminated  gold  deposit.  Acidic,  gold- 
bearing  hydrothermal  solutions  have  extensively 
modified  the  host  carbonates  at  Carlin.  High  grade  ore  is 
concentrated  in  weakly  to  moderately  calcareous,  weakly 
to  moderately  silicified  Roberts  Mountains  Formation 
(Bakken  and  Enaudi,  1986). 

X-RAY  DIFFRACTION  DETERMINATION 
OF  ILLITE  POLYTYPES 

X-ray  diffraction  studies  indicate  that  illite  is  an 
important  mineral  species  in  disseminated  gold  deposits, 
reflecting  lateral  and  vertical  zonation  around  gold  ore 
bodies.  Illites  change  crystal  structure  with  temperature 
and  may  act  as  geothermometers  indicating  temperatures 
of  ore  deposition  and  proximity  to  hypogene  and 
supergene  fluids.  Figure  1  is  a  compilation  of  X-ray 
diffraction  spectra  showing  the  two  most  common  illite 
species  or  polytypes.  These  range  from  the  higher 
temperature,  well  ordered  2M  to  the  poorly  ordered,  lower 
temperature  IM.  Illite  polytypes  can  now  easily  be 
differentiated  by  automated  X-ray  diffraction.  Several 
diagnostic  polytype  peaks  occur  between  23-32  degrees 
two-theta.  These  peaks  and  their  hkl  values  are  marked 
on  figure  1.  The  2M2  from  Japan  (A)  is  a  classic  high 
temperature  hydrothermal  illite  from  Dr.  S.  Shimoda  of 
the  University  of  Tsukuba,  Japan.  The  2M  illite  from  the 
Marblehead  location  (B)  is  of  sedimentary  origin  and 
although  identifiable  as  a  2M  species,  it  is  quite  different 
from  the  Shimoda  sample.  There  is  considerably  more 
water  in  its  shucture  with  interstratified  smectite.  This  i.s 
shown  by  the  broad,  asymmetrical  profile  of  its  lOA  (8.9') 
peak  and  the  higher  background  from  2®  -  7®.  The  Siiver 
Hill  sample  (D),  also  sedimentary,  has  been  identified  as  a 
IMd  which  indicates  disorder  in  its  stacking.  The 
diagnostic  IM,  smaller  peaks  at  -25.5®  and  -27®  are  not  aS 
well  defined  as  in  the  Fithian  sample  (C)  which  is 
considered  to  be  IM.  It  becomes  obvious  that  there  is 
extensive  variation  among  the  illites. 

Preliminary  work  at  Carlin  indicates  that  illites  vary 
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regularly  with  proximity  to  ore  bodies.  Figure  2  contrasts 
the  X-ray  diffraction  data  for  a  2M  illite  (upper  scan)  from 
a  high  gold  bearing  zone  with  a  IM  illite  (lower  scan) 
from  a  barren,  silica  flooded  alteration  zone  S.  the  Carlin 
Mine.  The  contrast  between  the  polytypes  is  striking  and 
shows  potential  as  an  exploration  tool. 

SPECTRAL  MEASUREMENTS 

Changes  in  the  illite  reflectance  spectra  are  observed 
as  the  illites  progress  from  the  lower  temperature,  less 
ordered  IM  variety  through  the  higher  temperature  2M 
type  (Figure  3).  Distinctive  absorption  features  near  1.40, 
1.90,  and  2.20  pm  and  between  2.3-2.5  pm  differentiate 
interlayer  water,  structural  water  (OH-)  and  some 
octahedral  layer  characteristics.  The  reflectance  spectrum 
for  the  2M  illite  polytype  is  similar  in  appearance  to  that 
of  muscovite  (Hunt  and  Salisbury,  1970;  Lee  and  Raines, 
1984).  The  2M  illites  typically  have  a  sharp  absorption 
feature  at  2.2  pm  caused  by  OH"  in  the  mineral  .structure 
(Hunt  and  Salisbury,  1970).  In  the  IM  polytype,  this  band 
is  broader  and  asymmetrical  towards  longer  wavelengths. 
The  IMd  spectrum  from  Silver  Hill  suggests  that  a 
secondary  absorption  feature  near  2.25  pm  may  be  the 
cause  of  the  absorption  band  asymmetry.  Additional  weak 
absorption  bands  at  2.35  and  2.45  pm  in  illites  also  appear 
be  to  better  developed  in  the  2M  polytypes  (Figure  3). 

The  presence  of  absorption  bands  at  both  1.4  and  1.9 
pm  is  indicative  of  molecular  water  as  water  of  hydration 
or  water  trapped  in  the  mineral  lattice  (Hunt  and 
Salisbury,  1970).  If  the  1.4  and  1.9  pm  bands  are  sharp,  as 
they  are  in  the  2M  polytype  (Figure  3),  this  indicates  that 
the  water  molecules  are  located  in  well  defined,  well 
ordered  sites.  When  these  bands  are  broad  and 
asymmetrical,  as  they  are  in  the  IM  illite  polytypes,  then 
they  indicate  that  the  mineral  is  relatively  disordered 
(Hunt  and  Salisbury,  1970).  The  occurrence  of  the  1.4  pm 
band  without  the  1.9  pm  absorption  band  indicates  the 
presence  of  hydroxyl  (OH")  and  the  absence  of  molecular 
water. 

The  reflectance  spectra  for  two  illite  polytypes  taken 
with  a  portable  reflectance  spectrometer  in  the  main 
Carlin  pit  are  shown  in  Figure  4.  Although  the  features 
are  not  as  well  defined  as  those  observed  on  the  laboratory 
spectra  in  Figure  3  the  differences  are  apparent.  Field 
spectrum  Cl  0885  is  from  alteration  zone  3  (moderately 
silicified  laminated  beds)  of  Bakken  and  Einaudi  (1986),  a 
typically  high  gold  zone.  The  well  developed  absorption 
bands  at  2.2,  2.35,  and  2.45  pm  indicate  that  it  is  a  2M 
polytype.  Field  spectrum  CAR88B  is  from  alteration  zone 
5  (strongly  silicified  clastic  beas)  of  Bakken  and  Einaudi 
(1986),  a  zone  typically  having  low  gold  values.  These 
spectra  substantiate  that  the  polytypes  can  be  identified 
and  mapped  in  the  field  and  that  there  is  potential  for  this 
method  as  an  exploration  and  mapping  tool. 

CONCLUSIONS 

The  combined  x-ray  diffraction/refiectance 
spectroscopy  study  of  illite  polytypes  has  established  that 
sufficient  spectral  differences  exist  to  allow  identification 
using  near-infrared  reflectance  spectroscopy.  Field  and 
laboratory  spectrometers  have  succcessfully  been  used  to 
identify  polytypes,  however,  the  distinctions  are  quite 
subtle.  Field  reflectance  spectroscopy  can  now  be  used 
operationally  to  assist  exploration  efforts  by  providing 


detailed  mineralogical  information  real-time  at  the  field 
location.  The  potential  exists,  given  sufficient  spectral  and 
spatial  resolution  and  instrument  signal-to-noise  to 
identify  these  polytypes  from  the  air  with  an  imaging 
spectrometer. 
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Figxirel.  X-ray  diffraction  scans  of  reference  illites 
showing  polytype  differences.  Vertical  scale 
shows  intensities.  Horizontal  scale  is  in 
degrees  two-theta.  Peaks  marked  with  hkl 
values  indicate  some  diagnostic  polytype 
reflections.  A  is  a  Japanese  hydrothermal  2M; 
B  a  sedimentary  2M;  C  a  sedimentary  IM;  and 
D  a  disordered  IM. 


Figure  2.  X-ray  diffraction  patterns  for  samples  from  the 
Main  Carlin  Pit.  Vertical  scale  shows 
intensities.  Horizontal  scale  is  in  degrees  two- 
theta.  Sample  C-24,  a  well  developed  2M  illite, 
is  from  an  ore  zone  and  shows  high  gold 
values.  Sample  C-47  is  a  IM  disordered  illite 
from  a  barren  zone. 
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WAVELENGTH  (micrometers) 

Figiue  3.  Reflectance  spectra  of  illite  reference  standards 
showing  polytype  differences.  Note  how  the 
absorption  features  at  1.4, 1.9, 2.2,  and  between 
2.3  and  2.5  nm  change  with  polytype.  A  is  a 
higher  temperature  Japanese  hydrothermal 
2M;  B  a  sedimentary  2M;  C  a  sedimentary  IM; 
and  D  a  disordered  IM.  Spectra  were  collected 
on  a  Beckman  5270  laboratory  spectrometer 
with  integrating  sphere. 


Figure  4.  Illite  reflectance  spectra  collected  with  a 
portable  reflectance  spectrometer  in  the  Main 
Carlin  Pit.  The  top  spectra  is  a  2M  illite  while 
the  bottom  is  a  IM.  Note  the  differences  in  the 
definition  of  the  features  at  2.2nm  and  from 
2.3pm  to  2.5pm. 
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Present  Status  and  Operation  History  of  MOS-1 

Kohei  Arai 
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1401  Ohashi,  Hatoyama,  Saitama  350-03  Japan 


ABSTRACT 

The  HOS-1  satellite  was  launched  at 
01i23(UT)y  Feb.  19  1987.  After  3  months 
mission  check,  well  qualified  data  of  3 
sensors  ot\board  MOS-1,  MESSR,  VTIR,  MSR 
and  DCS  transponder  have  been 
transmittod.  Aside  from  mission 
instruments,  a  solar  paddle  generating 
power  is  in  the  specification  while  fuel 
still  remains  with  a  sufficient  margin. 
The  battery  has  been  operating  at  the 
DOO  of  13%  in  average  with  a  little 
temperature  deviation.  Meanwhile  MOS-1 
orbit  has  been  controlling  within  the 
range  of  10km  apart  from  nominal  orbit 
except  a  few  oases.  Satellite  attitude 
has  been  stabilising  within  the  range  of 
the  specification  except  a  few  cases. 
Major  troubles  on  MOS-1  encountered  so 
far  are  as  follows.  (1)  The  inversion  in 
the  stored  command  memory  due  to  high 
energy  particles  Including  heavy  ions. 

(2)  Insufficient  threshold  level  for  the 
earth  sensors. 

1.  Introduction 

MASDA  launched  Marine  Observation 
Satellite-1  (MOS-1)  on  Feb.  19  1987  and 
get  it  into  the  expected  orbit  then  in 
the  3  months  mission  check,  confirmed 
the  functions  and  performance  of  the 
mission  and  bus  instruments  on  orbit.  As 
for  the  Initial  phase  of  MOS-1,  major 
specification  and  functions /performance 
were  described  in  Ref.l  while  for  the 
results  from  assessment  of  mission 
instmments  were  also  described  in  Ref. 2 
-  8.  Since  May  20  1987,  MOS-1  has  been 
operating  routinely  so  far.  It  has  been 
2  years  after  the  launch,  design  life  of 
MOS-1 . 


First,  MOS-1  operation  will  be 
summarized.  Then  detailed  operation 
history  such  as  orbital  maneuvering, 
fuel  consumption,  degradation  of 
battery,  data  transmission  and 
acquisition,  etc  will  be  followed. 
Finaly,  major  troubles  encountered  are 
described. 


2.  MOS-1  operation  summary 

According  to  the  major  purposes  of 
MOS-1,  MOS-1  operation  are  summarized  as 
follows . 

(1)  to  establish  fundamental 
technologies  on  earth  observation 
satellites 

Except  one  case  of  satellite 
attitude  loss  occured  on  July  28  1987, 
functions  and  performtmce  of  mission  and 
bus  instruments  ware  confirmed  within 
the  range  of  the  specification. 


(2)  to  observe  maily  ocean  phenomena 
using  the  mission  instruments 

Usefulness  of  mission  instruments 
data  has  been  confirming  in  the  MOS-1 
verification  program. 

(3)  to  conduct  primary  experiments  with 
DCS  transj^nder 

Data  link  success  rate  and 
determination  accuracy  of  DCF  location 
were  confirmed.  For  the  DCP  with  output 
power  is  higher  than  4  W,  the  success 
rate  is  higher  than  80%  while  the 
determination  accuracy  is  less  than  SOOm 
if  the  DCFs  are  located  within  the  range 
from  100  -  2S00km  against  from  nominal 
orbit . 

(4)  to  establish  technologies  on 
tracking  and  control  of  the  satellite  in 
a  sun  synchronous  orbit 

In  order  to  maiutain  the  designated 
sun  synchronous  reccurent  orbit, 
satellite  altitude  and  inclination  have 
been  controlled.  Thus  MRS  and  LMT  have 
been  maintained  within  the  range  of  the 
specification.  Meanwhile  orbit 
determination  has  also  been  performing 
with  the  specified  accuracy. 

(5)  to  establish  technologies  on 
operation  of  an  earth  observation 
satellite 

10  ground  stations  in  the  world  for 
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MOS-l  data  acquisition  have  been 
operating.  Mission  management  including 
mission  instrvunents  operation  planning 
has  been  doing  well. 

3.  Detailed  Operation  History 

3.1  Satellite  system 

3.1.1  Orbit  control 

Refered  to  the  section  3.2. 

3.1.2  Attitude  control 

The  specified  and  evaluated  are 
shown  in  Table  1. 


average  and  no  degradation  on  output 
voltage. 

3.2.7  Attitude  and  orbit  control 
subsystem 

(1)  Wheel  unloading 

confirmed 

(2)  Orbit  control 

Satellite  altitude  control, 
inclination  control  functions  were 
confirmed  in  15  times.  In  particular, 
when  the  satellite  got  into  the  safe 
hold  mode  in  July  1987,  both 
aforementioned  functions  were  confirmed. 


Table  1  The  specified  and  evaluated  attirude  error  and  attitude 
change  rate 


The  specified  attitude  error 

The  evaluated  attitude  error 

0.6  deg.  for  roll 

0.25  deg.  for  roll 

0.6  deg.  for  pitch 

0.33  deg.  for  pitch 

1.0  deg.  for  yaw 

0.69  deg.  for  yaw 

The  specified  attitude  change  The  evaluated  attitude  change 

rate  rate 


0.02  deg. /sec  for  roll 0.014  deg. /sec  for  roll 
0.02  deg. /sec  for  pitch  0.004  deg. /sec  for  pitch 

0.05  deg. /sec  for  yaw  0.006  deg. /sec  for  yaw 


3.1.3  Fuel  comsumptlon 

MOS-l  used  about  half  of  fuel  so 
that  approximately  9kg  of  fuel  still 
remains.  It  is  enough  fuel  for  another  2 
years  hopefully. 

3.1.4  Mission  instruments  operation 

Three  radiometers,  MESSR,  VTIR  and 

HSR  simultaneous  operation  for 
ISmin. /revolution,  two  radiometers 
simultaneous  operation,  single 
radiometer  operation  and  two  MESSR 
system  simultaneous  operation  have  been 
confirmed.  For  eclips,  either  VTIR  or 
MSR  operation  has  been  confirmed.  On  the 
other  hand,  DCS  transponder  has  been 
operating  always. 

3.1.5  TTC  subsystem 

S-band  real  time  telemetry, 
playback  telemetry,  ranging  signal  MSR 
data  were  well  qualified.  VHF  real  time 
telemetry,  playback  telemetry  and  beacon 
signal  were  also  confirmed  within  the 
range  in  the  specification.  Also  the 
commanding  functions  were  confirmed 
except  single  event  upset  for  stored 
command  memory. 

3.1.6  Power  supply 

Stability  of  bus  voltage  were 
specified  the  range  from  28.4  -  29.6V 
while  the  results  showed  28.9V  for 
eclips,  and  29.3V  in  sun  litte.  As  for 
the  battery,  25%  of  DOD  in  maximum  and 
about  10,000  cycle  of  charge  and 
discharge  are  specification.  Results 
shows  approximately  13%  of  DOD  in 


3.1.8  Solar  array  paddle 

The  specification  of  generation 
power  is  more  than  640W(BOL)  and  more 
than  540W(EOIi)  while  for  two  years 
design  life,  more  than  700W  of  power  has 
been  generating. 

3.1.9  Thermal  control 

Through  careful  check  of  thermal 
telemetry  data,  all  the  thermal  control 
functions  were  confirmed. 

3.2  Orbit  control  operation 

Fig.l  shows  ground  track  deviation 
from  the  nominal  orbit  designated  as 
WRS.  MOS-l  orbit  has  been  maintaining 
within  the  range  of  'f/-10  km  from  the 
nominal  orbit  except  2  cases,  with  4 
times  of  satellite  altitude  maneuver. 
MOS-l  attitude  was  lost  in  July  1987  due 
to  the  out  of  range  of  measurable 
temperature  of  the  Earth  Sensor 
AsGembly(ESA) .  Beside  this  MOS-l  orbit 
was  out  of  the  range  of  'f/-10  km  when 
the  inclination  of  the  satellite  orbit 
was  controlled  in  April  1988. 

0s*  iyrAe..1 

has  been  maintaining  within  the  range 
from  10*00  -  10*30.  Fig. 2  shows  LMT 
changes  for  the  past  and  the  future. 


Local  Mean  Time  Orbit  deviation  from  nominal  orbit{km) 
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Fig.l  MOS-1  orbit  control  history  ’ 


Fig. 2  LKT  changes 
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3.3  Major  troubles  encountered 

Major  troubles  encountered  so  far 
are  as  follows. 

(1)  Single  Event  Upset (SEU) 

Due  to  the  aforementioned  reason, 
SEU  has  been  occuring  approximately  once 
a  day.  To  avoid  this,  the  stored  command 
memory  has  been  using  outside  of  sauth 
atlantic  anomaly  area. 

The  stored  command  memory  to  be 
onboard  MOS-lb  is  modefied  to  avoid  it. 

(2)  Malfunction  on  earth  presence  check 
function 

MOS-1  got  into  the  safe  hold 
mode(Sun  Acquisition  Mode  i  SAM)  through 
the  detection  of  abnormal  attitude  error 
signal  from  Attitude  and  Orbit  Control 
Subsystem  :  AOCS,  on  July  28  1987.  To 
avoid  this,  MOS-1  has  been  operating 
without  the  earth  presence  check,  for 
the  period  from  June  to  September  when 
the  abnormal  attitude  error  would 
occured . 

Threshold  level  of  the  earth  sensor 
for  MOS-lb  is  to  be  changed  to  avoid 
this. 

4. Summary  report  from  sensor  validations 

4.1  MESSR 

4.1.1  Geometric  accuracy 

(1)  Band  to  band  registration 

Using  10  -  20  GCPs/scene,  band  to 
band  registration  was  evaluated  with 
several  conditions  on  the  temperature  at 
the  MESSR  optics  and  CCD,  for  more  than 
20  scenes.  The  results  are  shown  in 
Table  2. 


(2)  Geometric  fidelity 

The  aforementioned  experiments  have 
been  conducted  to  evaluate  geometric 
accuracy.  The  results  shows  about  4  - 
5km  in  terms  of  rms  error  exsist  in 
MESSR  image  in  average.  Through  a 
careful  analysis  on  error  vectors,  bias 
components  in  roll,  pitch  and  yaw 
directions  were  confirmed.  After  the 
correction  of  bias  errors,  it  is  found 
that  0.4km  of  rms  residual  error  can  be 
achieved  in  average. 


4.1.2  Radiometric  accuracy 

It  was  confirmed  that  radiometric 
accuracy  of  MESSR  was  within  one 
quantization  bit.  Through  a  careful 
analysis  with  calibration  data (MESSR 
data  in  eclips),  dark  current  component 
was  also  evaluated.  Uisng  MESSR  data  of 
homogeneous  areas ,  radiometric  accuracy 
was  evaluated  by  normalizatiiig  the 
standard  deviation  with  the  average  of 
MESSR  data  in  each  homogeneous  area. 


4.2  VTIR 

4.2.1  Geometric  accuracy 
(1)  Band  to  band  registration 

By  means  of  the  aforementioned 
procedure,  band  to  band  registration  was 
evaluated.  Table  3  shows  the  results. 


(2)  Geometric  fidelity 

Similary  geometric  accuracy  in 
terms  of  rms  error  of  VTIR  data  is 
approximately  6km  for  more  than  20 
scenes.  After  the  correction  of  bias 
error,  2.5km  of  geometric  accuracy  is 
achieved . 

4.2.2  Radiometric  accuracy 

Using  similar  manner  to  MESSR,  one 
quantization  bit  of  radiometric  accuracy 
was  confirmed  for  more  than  20  scenes. 

4.3  MSR 

4.3.1  Geometric  accuracy 

23km  of  geometric  accuracy  of  MSR 
data  was  found. 

4.3.2  Radiometric  accuracy 

It  was  found  that  radiometric 
accuracy  of  MSR  data  was  within  2K. 

5.  MOS-1  operation 

MOS-1  has  been  operating  for  10 
ground  stations (G/S),  2  G/S  in  Japan,  4 
G/S  in  ESA,  1  6/S  in  Thailand,  Canada, 
Australia,  and  Antarctica  as  is  shown  in 
Fig. 3. 


Table  2  Band' to  band  registration  of  MESSR 


Direction  L;Lne 

Pixel 

Remarks 

0.46  pixel 

0.21  pixel 

in  maximum  for  all  the  band 

Table  3  Band  to  band  registration  of  VTIR 

Direction  Line  Pixel 

Remarks 

1.21  pixel  0.54  pixel 

By  compering  band  3  and  4 
with  band  1 
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6.  Concluding  remarks 

MOS-1  has  been  operating  with 
sufficient  remaining  fuels,  generating 
power,  battery  conditions,  mission 
Instruments  performance,  and  so  on.  It 
Is  expected  a  longer  mission  life  for 
MOS-1,  than  expected  deslgne  life  and 

also  expected  simultaneous  operation 
with  MOS-lb  to  be  launched  In  the  early 
1990.  Mission  parameters  for  MOS-lb  are 
same  as  MOS-1  except  modeflcatlon  of 
threshold  level  of  earth  sensor 
assembly,  stored  command  memory,  minor 
modeflcatlon  of  command  codes,  and 
orbit.  MOS-lb  will  be  put  Into  the  orbit 
of  approximately  ISOdeg.  phase  of  MOS-1 
orbit . 
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organization 

location 

MESSR/VTIR/MSR 

start 

status 

1. 

EOC,  NASDA 

Hatoyama,  Japan 

X 

X 

X 

Feb. 23, 1987 

operational 

2. 

Tokai  Univ. 

Kumamoto,  Japan 

X 

X 

May  31,1987 

operational 

3. 

NIPR 

Showa  base 

Antarctica 

X 

X 

X 

Feb.  1989 

scheduled 

4. 

NRCT 

Bangkok,  'i’hailand 

X 

X 

X 

Jul.  1,1988 

operational 

5. 

ESA 

Maspalomas,  Spain 

X 

X 

X 

Nov.  2,1987 

operational 

6. 

ESA 

Fiicino,  Italy 

X 

X 

X 

Nov. 25, 1987 

operational 

7. 

8. 

ESA 

ESA 

Kiruna,  Sweden 
Tromso,  Norway 

X 

X 

X 

X 

Nov,  2,1987 
Nov.  2,1987 

operational 

operational 

9. 

CSIRO 

Alice  Springs, 
Australia 

X 

X 

X 

Jul.  1,1988 

operational 
(6  months) 

10. 

CCRS 

Gatinue,  Canada 

X 

X 

X 

May  16,1988 

operational 
(5  months) 
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Pig. 3  MOS-1  Ground  Stations 
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ABSTRACT 

Using  relatively  road  band  remote  sensing  systems  surface  temperature  phenomena  can  be 
difficult  to  discern.  In  particular,  because  of  the  often  specific  nature  of  thermal  features, 
interband  correlation  levels  of  resultant  data  sets  may  limit  the  utility  of  multispectral 
infrared  imagery.  In  response  to  this  concern.  Visible  and  Thermal  Infrared  Radiometer  imagery 
from  the  Japanese  Marine  Observation  Satellite-I  was  analyzed  for  amounts  of  interband 
correlation.  Correlation  coefficients  were  calculated  and  equal  size  density  sliced  single-band 
images  were  generated. 


KEY  WORDS:  Correlation,  VTIR,  Thermal,  and  Density  Slice. 


INTRODUCTION 

The  Japanese  Marine  Observation  Satellite 
(MOS-I)  was  successfully  launched  by  a  NIPPON 
N-II  rocket  from  the  Japanese  Space  Center  at 
Tanegashlma  on  19  February  1987.  MOS-I  is 
equipped  with  three  sensors,  and  among  these 
is  the  Visible  and  Thermal  Infrared  Radi¬ 
ometer  (VTIR).  The  VTIR  sensor  is  designed 
to  detect  snow  and  ice  distributions,  atmos¬ 
pheric  phenomena,  and  most  notably,  sea  sur¬ 
face  temperatures. 

Thermal  energy  emitted  from  sea  water  can  be 
difficult  to  discern.  Indeed,  in  some 
instances  sea  surface  temperature  variations 
are  so  slight  that  broad  band  thermal  systems 
may  not  provide  data  with  sufficient  accura¬ 
cies  to  allow  definite  thermal  differentia¬ 
tions.  Systems  with  multiple  thermal  bands, 
such  as  the  VTIR,  can  be  used  to  clarify 
these  discrepancies;  but  again,  because  ther¬ 
mal  information  is  often  so  specific,  broad 
band  systems  may  experience  significant 
Interband  correlation  problems. 


BA.CKGROUND 


muAAiic  kcj.a\.cu  xii  vC0  w  / 

the  introduction  of  MOS-I  reflects  the 
growing  global  interest  in  civil  remote 
sensing.  The  VTIR,  similar  to  the  United 
States'  Advanced  Very  High  Resolution  Radi¬ 
ometer  (AVHRR/2),  is  designed  to  image  the 


earth  using  one  band  in  the  visible  and  three 
bands  in  the  infrared  portions  of  the  elec¬ 
tromagnetic  spectrum.  VTIR  and  AVHRR/2  sys¬ 
tem  parameter  comparisons  are  provided  in 
Table  1. 


Table  1 

Comparisons  of  Principal  Visible  and  Thermal 
Infrared  Radiometer  and  Advanced  Very  High 
Resolution  Radiometer/2  System  Parameters 


Spectral  Spatial 


VTIR* 


Band  1 

- 

0.50 

- 

0.70 

0.9 

X 

0.9 

km 

Band  2 

- 

6.00 

- 

7.00 

2.7 

X 

2.7 

km 

Band  3 

- 

10.50 

- 

11.50 

2.7 

X 

2.7 

km 

Band  4 

- 

11.50 

- 

12.50 

2.7 

X 

2.7 

AVHRR/2** 

Band  1 

0.58 

- 

0.68 

1.1 

X 

1.1 

km 

Band  2 

- 

0.725 

- 

i.iO 

1 . 1 

X 

1.1 

km 

Band  3 

- 

3.55 

- 

3.93 

1.1 

X 

1.1 

km 

Band  4 

- 

10.50 

- 

11.30 

1.1 

X 

1.1 

km 

Band  5 

- 

11.50 

- 

12.50 

1.1 

X 

1.1 

km 

(Sources;  *Koizumi,  1987;  **Jensen,  1986) 


* 


The  MOS-I  data  used  herein  were  produced  by  the  National  Space  Development  Agency  of  Japan. 
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One  of  the  more  useful  applications  of  VTIR 
imagery  is  the  detection  of  sea  surface  tem¬ 
peratures.  As  previous  studies  have  shown, 
however,  (Shaw  and  Irbe,  1972;  Chahine,  et 
al.,  1983;  and  Estes,  et  al.,  1983)  surface 
temperatures  are  not  obtained  directly  from 
thermal  imagery.  Rather,  these  distributions 
are  derived  by  performing  a  number  of  correc¬ 
tions  to  the  original  data  due  to  influences 
of  the  propagation  path.  While  numerous 
algorithms  have  been  written  to  accomplish 
these  corrective  procedures  (Walton,  1987), 
energy  emitted  from  sea  water  can  remain 
difficult  to  analyze  accurately  using  rela¬ 
tively  broad  band  systems.  Due  to  the 
engineering  parameters  of  these  systems,  the 
sensitivities  of  the  broad  bands  are  not 
always  great  enough  to  discriminate  specific 
thermal  phenomena  and,  in  turn,  often  gener¬ 
alize  sensed  levels  of  emitted  energy.  With 
multispectral  imagery,  the  effects  of  this 
generalization  can  be  reflected  by  the  inter¬ 
band  correlation  levels  of  the  data. 


ANALYSIS  TECHNIQUES 

Noting  potential  difficulties  in  using  data 
from  broad  band  radiometers,  VTIR  imagery  of 
Japan  and  the  surrounding  ocean  areas  was 
analyzed  for  interband  correlation  levels. 

The  VTIR  imagery  used  for  this  purpose  was 
obtained  by  MOS-I  on  1  June  1987.  The  cor¬ 
relation,  or  interrelation,  levels  of  primary 
interest  were  for  bands  2,  3,  and  4.  Band  1 
(0.50  to  0.70  micrometers),  generally  sensi¬ 
tive  to  the  visible  portion  of  the  electro¬ 
magnetic  spectrum,  v;as  included  in  order  to 
keep  the  VTIR  data  set  unbroken. 

To  calculate  the  interrelation  of  these 
bands,  the  correlation  coefficient  equation 
(Cooley  and  Lohnes,  1971)  was  used  to  ratio 
the  covariance  of  any  two  VTIR  bands  to  the 
product  of  their  standard  deviations  as  fol¬ 
lows: 


r  !a)(b) 
where: 


COV  (a)(b) 
SD(a)  *  SD(b) 


COV  (a)(b) 
SD  (a) 

and 


correlation  coefficient; 
covariance  of  bands  a  and  b; 
standard  deviation  of  band  a; 


SD  (b)  =  standard  deviation  of  band  b. 


trayal  of  the  interrelations.  Density 
slicing  is  the  conversion  of  the  continuous 
toi'i  of  an  image  into  a  series  of  discrete 
class  intervals  or  slices  where  each  interval 
corresponds  to  a  specific  brightness  value 
range  (Haralick,  1973;  Jensen,  1986).  This 
density  slicing  was  accomplished  based  on  the 
minimum  and  maximum  unenhanced  8-bit  bright¬ 
ness  values  of  the  VTIR  original  data. 
Therefore,  while  256  gradients  were  available 
for  this  slicing,  the  absolute  minimum  and 
maximum  values  of  the  Imagery  were  1  and 
150.  In  turn,  10  classes  were  formed  by  the 
equal  range  method  as  shown  in  Table  2. 


Table  2 

Intervals  Used  for  Class  Creation 
and  Density  Slicing  Based  on  the 
Unenhanced  Minimum  and  Maximum 
Brightness  Range  of  the  VTIR  Data 


Original 

Digital 

Counts 

(input) 

Class 

Number 

Density  Sliced 
Digital  Counts 
(output) 

1-15 

1 

40 

16  -  30 

2 

60 

31  -  45 

3 

80 

46  -  60 

4 

100 

61  -  75 

5 

120 

76  -  90 

6 

140 

91  -  105 

7 

160 

106  -  120 

8 

180 

121  -  135 

9 

200 

136  -  150 

10 

220 

As  described  previously,  thermal  measurements 
are  not  obtained  directly  from  VTIR  imagery 
but  rather  from  a  series  of  equations  which 
remove  atmospheric  influences.  Weinreb  and 
Hill  (1980),  Walton  (1987),  and  Maturi,  et 
al.  I 1986)  provided  methods  for  radio- 
metrically  correcting  thermal  imagery  for 
atmospheric  attenuation;  however  for  this 
VTIR  investigation  the  computed  absorption 
coefficients  for  water  vapor  and  atmospheric 
gas  removal  were  considered  to  be  inaccurate 
due  to  inadequate  regional  weather  tempera¬ 
ture,  pressure,  and  vapor  content  ground 
truth  data.  For  these  reasons,  the  resulting 
density  sliced  data  could  not  be  considered 
as  absolute  thermal  readings.  Instead,  the 
classes  represented  digital  counts  and  not 
radiance  values. 


Therefore,  this  ratio  was  used  to  determine 
the  sensitivities  and  separation  abilities  of 
each  VTIR  broad  band. 

While  the  correlation  coefficient  equation 
helped  measure  levels  of  interrelation,  an 
additional  method  involved  density  slicing 
the  respective  single-band  images.  While 
alone  this  method  was  not  considered  a  suffi¬ 
cient  representation  of  correlation,  it 
nevertheless  provided  a  useful  visual  por¬ 


RESULTS 

The  correlation  coefficients  of  the  VTIR  data 
are  provided  in  Table  3.  Band  1  was  not 
correlated  significantly  with  bands  2,  3 
and/or  4.  As  expected,  this  low  level  of 
correlation  for  band  1  suggested  substantial 
differences  in  the  visible  and  infrared  data 
provided  by  the  VTIR.  Similarly,  the  cor¬ 
relations  between  bands  2-3  and  2-4  were 
also  low.  Band  2  was  designed  primarily  for 
atmospheric  investigations  and  not  surface 


j. 
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thermal  studies,  and  this,  predictably,  had  a 
direct  Influence  on  these  low  correlations. 

By  comparison,  however,  bands  3  and  4  were 
significantly  correlated.  Indeed,  at  0.9709, 
this  measure  suggested  that  as  a  multispec- 
tral  thermal  infrared  data  set,  the  potential 
utility  of  these  bands  would  be  limited. 

While  certainly  valuable  data  were  present  in 
bands  3  and  4,  their  use  would  be  restricted 
greatly. 


Table  3 


between  bands  3  and  4  limited  the  potential 
utility  of  the  multispectral  imagery.  The 
difficulty  in  discerning  thermal  energy  using 
broadband  systems  was  suggested  by  this  rela¬ 
tively  high  correlation  level. 
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for 

the  VTIR 

data  set 

Bands 

1 

2 

3 

4 

1 

X 
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0.95 
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0.00 

31.02 

34.83 

8 

0.36 
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CONCLUSIONS 

By  calculating  the  correlation  coefficients 
the  levels  of  Interrelation  for  this  specific 
VTIR  imagery  set  were  determined.  The 
results  indicated  that  as  a  4-band  multispec¬ 
tral  data  set,  the  high  level  of  correlation 
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Figure  1.  Density  Sliced  VTIR  Single-Band  Images. 
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ABSTRACT 

Merine  Observation  Satelllte-1  (MOS-1)  was  launched 
by  N-II  launch  vehicle  from  Tanegashlma  Space 
CenteriNASDA  on  Feb. 19, 1987  and  two  years  (design  life 
of  MOS-1)  have  passed.  MOS-1  Is  still  In  satisfactory 
condition  and  normally  operated.  It  Is  expected  that 
MOS-1  will  be  operated  more  than  one  year. 

MOS-1  has  4  mission  Instruments  (MESSR,  VTIR,  MSR 
and  DOST).  The  MSR  Is  microwave  scanning  radiometer 
which  Is  a  Dlcke  type  radiometer  to  measure  very  weak 
earth  radiation  noise  at  the  23  GHz  and  31  GHz.  As  a 
part  of  MOS-1  Verification  Program  (MVP),  HASDA 
evaluated  geometric  and  radiometric  performance  of 
MOS-1  MSR  by  using  truth  data  and  airborne  MSR  data. 

In  this  paper,  outline  of  verification  results  of 
MOS-1  MSR  Is  presented. 

Keywords;  MOS-1,  Microwave  Scanning  Radiometer,  MSR, 
MOS-1  Verification  Program  (MVP) 


1. INTRODUCTION 

Marine  Observation  Satelllte-1  (MOS-1)  Is  Japanese 
first  observation  satellite  which  was  developed  by 
using  Japanese  own  technologies  and  successfully 
launched  by  N-II  launch  vehicle  from  Tanegashlma  Space 
Center,  NASDA  at  10:23  on  Feb. 19,  1987.  MOS-1  has  4 
mission  Instruments  (MESSRiMultl-spectral  Electronic 
Self  Scanning  Radiometer,  VTIR:Vlslble  and  Thermal 
Infra-red  Radiometer,  MSR;Mlcrowave  Scanning 
Radiometer  and  DCSTiData  Collection  System 
Transponder).  In  order  to  evaluate  MOS-1  observation 
system,  NASDA  has  conducted  MOS-1  Verification  Program 
(MVP)  In  collaboration  with  Joint  research 
organizations  and  MVP  participating  organizations 
since  March,  1987. 

As  a  part  of  MVP,  NASDA  conducted  MVP  airborne 
experiments  on  MOS-1  passing  days.  NASDA  evaluated 
MOS-1  sensors  by  using  truth  data,  ajrborne  data  and 
others. 

In  this  paper,  outline  of  verification  results  of  MOS- 
1  MSR  Is  presented.  Geometric  and  radiometric 
performances  of  MSR  and  capability  to  observe  water 
vapor ,  cloud  liquid  ,  snow  and  Ice  distribution  and 
others  are  clarified. 


2. VERIFICATION  FOR  INSTRUMENTATION 
2.1  Outline  of  MSR 

The  MSR  Is  a  Dlcke  type  radiometer  to  measure  very 
weak  earth  radiation  noise  at  the  23  GHz  and  31  GHz. 
Swath  width  Is  317  km  and  beam  widths  are  32  km  (23 
GHz)  and  23  km  (31  GHz).  Integration  time  for  MSR  data 
Is  10  msec  and  47  mse;.  The  offset  Casegraln  antenna 
used  for  ^oth  frequencies  Is  conically  rotated  at 
about  18.75  rpm  (scan  period  3.2  sec)  and  observation 
Is  made  for  half  of  the  antenna  rotation  (back  side) 
and  calibration  signal  such  as  high  and  low  tempera¬ 
tures  Is  Inserted  for  the  half  of  rotation  (forward 
side).  Table  1  shows  performance  of  MOS-1  MSR  and 
airborne  MSR. 


Table  1. Performance  of  MSR 


Item 

Performance 

Frequency 

23.8  ±  0.2  GHz 

31.4  ±  0.25  GHz 

Antenna  type 

Offset  Casegraln  1 

Polarization 

Horizontal 

(Vertical) 

Vertical  ^ 

(Horizontal) 

Beam  width 

1.89' 

1.31' 

Offset  angle 

10'’(30°) 

10*  (30') 

Diameter  of 
antenna 

50cm 

Scanning  Period 

3.2 

sec  1 

Angle  of  cone 

20' 

Swath  width 

317  km  (Altitude  909km) 
2441  m  (Altitude  7km) 

Receiver  type 

Dlcke 

Dlcke 

Receiver 

sensitivity 

<1  K 
at  300K 

<1  K 
at  300K 

Dynamic  range 

30  -  330 

K 

Quantization 

level 

1024  (10 

bits) 

Integration 

time 

10  &  47  msec 

10  &  47  msec 

*  Addition  of  function  for  airborne  MSR 


2.2  Radiometric  performance 

(l)Radlometrlc  distortion  evaluation 

Mean  and  standard  deviation  In  Ocean  area  of  MSR 
Imagery  (level  2)  were  measured.  Example  of  standard 
deviation  measured  were  1.14K  (23GHz  10msec) ,1.13K 
(23GHz  47msec) ,1.33K  (31GHz  10msec),  1.30K(31GHz 
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47m8ec).  In  case  of  evaluation  of  Internal  calibration 
•ource,  the  deviations  were  0.579  K  (23GHz)  and  0.616 
K  (31GHz).  The  difference  of  deviation  is  due  to 
irregularity  of  cloud  and  water  vapor.  As  a  result,  it 
was  found  that  radiometric  distortion  in  31  GHz  is 
larger  than  that  in  23  GHz  and  the  value  is  1-1.5  K. 


(2)S/N  evaluation 

S/N  were  evaluated  by  the  following  formula i 

S/N  -  10  log  (m/<5)  (dB) 

10 

where  m  is  mean  and  6  is  standard  deviation  of  uniform 
area  of  ocean  in  M5R  imagery  (level  2).  Table  2  shows 
example  of  S/N  evaluation. 


Table  2.  Example  of  S/N  evaluation 


Frequency 

(Integration 

time) 

_ Path_21 _ _ 1 

Sep.  27,1987 

Dec. 4, 1987 

22.0 

21.1 

22.5 

23  GHz 
(47  msec) 

22.0 

21.2 

22.6 

31  GHz 
(10  msec) 

21.3 

18.4 

20.5 

31  GHz 
(47  msec) 

21.4 

18.5 

20.5 

As  a  result,  the  following  results  were  obtained) 

1) The  value  of  S/N  in  23GHz  is  larger  than  that  in 
31  GHz  by  0.5-2  dB. 

2) The  value  of  S/N  in  47  msec  is  a  bit  larger  than 
that  in  10  msec.  However,  the  difference  is  very 
small. 

(3)Dynamlc  range  evaluation 

Dynamic  range  was  obtained  for  HSR  imagery  (level 
2).  Example  of  dynamic  range  is  shown  in  Table  3. 


Table  3.  Example  of  measured  dynamic  range 


Frequency 

(Integration 

time) 

July  21,1987 

Dec. 4, 1987 

DR(K) 

MAX(K) 

MIN(K) 

DR(K) 

MAX(K) 

MIN(K) 

23  GHz 
(47msec) 

74.6 

248.3 

173.7 

76.0 

224.9 

148.9 

31  GHz 
(47msec) 

82.4 

239.2 

156.8 

77.2 

221.9 

144.7 

Dynamic  Range  (DR)-  MAX  -MIN 

These  values  exist  in  the  dynamic  range  300  K  of  MSR 
(maxi 330  K,  min; 30  K).  The  following  results  were 
obtained) 

l)Dynamlc  range  of  MSR  Imagery  in  31  GHz  is  larger 
than  that  in  23  GHz. 

2}Integratlon  time  has  no  Impact  on  dynamic  range. 

3)Pyn"mlc  range  in  23  GHz  in  winter  is  larger  than 
that  in  summer.  Dynamic  range  in  31  GHz  in  summer 
is  larger  than  that  in  winter. 

2.3  Geometric  performance 

(l)Geometrlc  distortion  evaluation 

Position  error  in  MSR  imagery  (level  2)  were  measured 
by  using  GCFs  (Island,  peninsula  etc.)  in  one  path 


scene.  Measured  value  of  mean  of  this  error  is  20  km 
(23  GHz)  and  13  km  (31  GHz)  which  is  under  the 
specified  value  60  km  (23  GHz)  and  40  km  (31  GHz). 

(2)Spatlal  resolution  evaluation 

Spatial  resolution  was  measured  by  using  edge  of  coast 
of  MSR  imagery  (level  2).  Examples  of  measured  value 
(3dB  down)  are  shown  in  Table  4. 


Table  4.  Example  of  measured  spatial  resolution 


Frequency 

(Integration 

time) 

Spatial  Resolution  (km)(3dB  down) 

Pixel  Direction 

Line  Direction 

S.R.  N.N. 

S.R.  N.N. 

23  GHz 
(10  msec) 

70.5  64.6 

73.6  74.6 

71.1  63.1 

73.7  68.4 

50.7  43.7 

55.6  48.0 

31  GHz 
(47  msec) 
time) 

50.9  49.0 

55.9  46.6 

S.R.iSpeclal  Resampling,  N.N.iNearest  Neighbors 

April  14,1987  path  25 

Spatial  resolution  depends  upon  beam  width  of  antenna 
(1.89  for  23  GHz  and  1.31  for  31  GHz)  and  resampling 
method  to  be  used.  The  following  results  were  obtained) 

1) The  antenna  pattern  correction  leads  to  Increase 
of  spatial  resolution. 

2) Resampllng  N.N.  provides  higher  spatial 
resolution  than  special  resampling  by  about  10  X. 

3) Spatial  resolution  for  23  GHz  in  the  line 
direction  is  worse  than  that  for  31  GHz  by  1.4 
(ratio  of  beam  widths  for  23  GHz  and  31  GHz). 


3. VERIFICATION  OF  PHYSICAL  MEASUREMENT 
3.1  Water  Vapor  and  Liquid  Water 

One  of  recurrence  equation  developed  for  extraction  of 
water  vapor  and  liquid  water  under  Joint  research  with 
Connunlcations  Research  Laboratory  (CRL)  were  in¬ 
stalled  in  MOS-1  data  processing  system  as 
verification  software.  Using  antenna  temperature  T1 
(K)  for  23GHz  and  T2(K)  for  31GHz,  water  vapor  V(kg/m‘) 
and  liquid  water  L(kg/m^)  are  expressed  in  the 
following  equation) 


V-  a(Tl+Al-Bl)  +  b(T2+A2-B2)  +  c 
L-  d(Tl+Al-Bl)  +  e(T2+A2-B2)  +  f 


a-al(l+  a2  co82^  )  Al,A2iparametec  for  antenna 
b-bl(l-  b2  cos2^  )  pattern  correction 

c-cl(l+  c2  cos24  )  Bl,B2iblas  error 
d-dl(l+  d2  C082^  ) 
e-el(l-  e2  cos2f  ) 
f-fl(l+  f2  co82^  ) 

f I  antenna  rotation  angle 


al-  1.0716 
a2-  0.0086 
dl--0. 01168 
d2-  0.0044 


bl— 0.4862 
b2-  0.0180 
el-  0.03432 
e2-  0.0145 


cl— 74.330 
C2-  0.0692 
fl-  -3.269 
f2-  -0.0481 
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By  using  this  equation,  water  vapor  and  liquid  water 
were  obtained.  Though  it  is  very  difficult  to  measure 
liquid  water  as  truth  data,  water  vapor  can  be 
measured  by  using  radio  sonde  data.  So,  comparison 
between  the  water  vapor  obtained  by  MSR  and  the  water 
vapor  obtained  by  radio  sonde  was  made  as  shoTm  in 
Figure  1.  Concerning  water  vapor  extraction 
estimation,  the  following  results  were  obtained: 

DThere  was  bias  error  (about  IS  kg/m^)  in 
measured  water  vapor  which  is  almost  constant 
independent  of  season.  It  was  found  that  the 
bias  errors  are  21. 7K  and  18. 7K  for  23  GHz  and 
31  GHz, respectively.  So,  if  these  bias  errors 

are  removed,  water  vapor  is  obtained  with 
estimation  error  about  2.5  kg/m^  which  is  a  bit 
smaller  than  that  of  Nimbus  7  SMMR  data  (3.3 
kg/m^). 

2)Vhen  the  measured  values  in  Hachijyo-Jiaia  (about 
200km  off  the  coast  of  mainland)  are  compared 
with  those  in  Chichi- jlma  (about  1000km  off  the 
coast  mainland),  the  Influence  from  radiation  of 
land  wan  found  in  the  data  acquired  over 
Hachijyo-jima  as  shown  in  Fig.l. 

Concerning  cloud  liquid  estimation,  the  following 
results  were  obtained. 

1) The  distribution  of  cloud  liquid  obtained  from 
MSR  data  corresponds  with  distribution  of  rain 
obtained  by  weather  radar.  MSR  is  superior  to 
weather  radar  on  mountain  because  the  former  is 
larger  in  the  area  to  be  observed  than  the 
latter. 

2) Comblnation  of  VTIR  data  (visible  and  thermal 
band  )  and  MSR  data  is  useful  to  observe 
typhoon  and  front.  Example  of  front  was  found 
in  MSR  and  VTIR  data  (April  27, 1987, Path 
21)  .Moreover, Typhoon  12  was  clearly  observed  in 
MSR  and  VTIR  data  (August  27,1987,  Path  24). 

3.2  Sea  ice  and  snow 

HASDA  conducted  MVP  airborne  experiment  in  Feb., 1988 
to  evaluate  observation  capability  of  snow  and 
sea.  Airborne  MSR  data  were  acquired  concerning  sea 
Ico  and  snow  on  MOS-1  passing  days  (Feb. 9  and  10, 
1988). 

Concerning  sea  ice,  it  was  found  that  there  is  close 
relationship  between  MSR  brightness  temperature  ai.d 
sea  ice  concentration  obtained  by  VTIR  as  shown  in 
Fig. 2.  Moreover,  sea  ice  distribution  can  be  observed 
through  cloud  by  MSR.  Figure  3  shows  the  change  of 
drifting  ice  in  the  ocean  near  Hokkaido.  MSP.  data  are 
routinely  used  in  Japan  Meteorological  Agenc  to  make 
drifting  ice  map  in  ocean  near  Hokkaido.  Capa¬ 
bility  of  all  weather  observation  of  sea  ice  is  one  of 
Important  features  for  MSR.  Combination  of  MSR,  VTIR 
and  MESSR  is  desirable  to  observe  sea  ice.  When  there 
is  cloud,  MSR  data  can  be  used.  When  there  is  no 
cloud,  wide  range  observation  data  (ISOOkm)  for  sea 
ice  distribution  can  be  obtained  by  VTIR  and  high 
spatial  resolution  data  can  be  obtained  by  MESSR. 

Concerning  snow,  MOS-1  MSR  data,  airborne  MSR  data  and 
truth  data  were  compared  for  dry  snow  in  Hokkaido.  It 
was  found  that  there  was  negative  correlation  between 
MSR  brightness  temperature  and  snow  depth/snow  water 
equivalent  as  shown  in  Fig. 4.  Though  there  is  positive 
correlation  for  deep  snow,  it  is  necessary  to 
accumulate  much  data.  Moreover,  it  was  found  that 
there  is  more  deviation  in  31  GHz  than  that  in  23GHz. 
This  is  due  to  the  difference  of  spatial  resolution 
for  23  GHz  and  31  GHz. 


4. CONCLUSION 

Two  years  (design  life  of  MOS-1)  have  passed  since  the 
launch  of  MOS-1  and  MOS-1  verification  Program  (MVP) 
has  been  successfully  conducted  in  collaboration  with 
joint  research  organizations,  domestic  and  foreign  MVP 
participating  organizations.  As  a  result  of  the  MVP, 
MOS-1  observation  system  was  found  to  show 
satisfactory  condition  .  In  this  paper,  geometric  and 
radiometric  performance  of  MOS-1  MSR  were  evaluated 
from  various  ts  of  view.  Unique  properties  of  MSR 
were  clarlflt  These  results  were  reflected  upon 
Advanced  Microwave  Scanning  Radiometer(AMSR)  which  is 
developed  by  NASDA  and  will  be  mounted  on  NASA  Polar 
Orbiting  Platform  (N-POP). 

NASDA  will  continue  evaluation  until  the  launch  of 
MOS-lb  (Feb., 1990)  in  collaboration  with  limited 
number  of  cooperative  organizations. 
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ABSTRACT 

The  Canada  Centre  for  Remote  Sensing  (CCRS)  and 
the  National  Space  Development  Agency  of  Japan  (NASDA) 
signed  an  Arrangement  under  which  Canada  would  receive 
imagery  from  100  passes  of  the  Marino  Observation 
Satellite  (KOS-1)  over  Canada  In  the  period  Hay  1  to 
October  15,  1988.  CCRS  assembled  a  team  of  researchers 
from  many  different  groups  across  Canada  to  participate 
in  the  evaluation  of  H03-1  data.  The  receiving  station 
at  Gatineau,  Quebec  (near  Ottawa)  was  upgraded  to  track 
HOS-1  and  record  the  data.  Specific  target  areas  and 
reception  dates  were  suggested  by  team  members  and  the 
acquisition  was  scheduled  in  collaboration  with  the 
NASDA  Earth  Observation  Centre. 

A  quicklook  system  was  designed  and  built  to 
catalog  the  imagery  and  to  write  decimated  imagery  on 
an  analog  video  disk.  The  catalog  may  be  searched 
automatically  by  a  personal  computer  which  then  displays 
the  selected  Multi-spectrum  Electronic  Self-Scanned 
Radiometer  (HESSR)  images  from  the  video  disk.  Raw  data 
from  all  three  sensors  carried  by  MOS-1  may  be 
transcribed  by  the  quicklook  system  from  the  High 
Density  Digital  Tape  recorded  at  the  ground  station  to 
Computer  Compatible  Tapes  (CCTs)  for  in,ut  to  geometric 
and  radiometric  correction  software. 

1 .  INTRODUCTION 

The  N.itional  Space  Development  Agency  of  Japan 
(NASDA)  launched  the  Marine  Observation  Satellite 
(MOS-1)  on  February  19,  1987.  The  satellite  carries 
three  imaging  sensors  of  interest  to  the  remote  sensing 
community:  the  Multi-spectrum  Electronic  Self-Scanning 
Radiometer  (MESSR)  is  a  push-broom  imager  operating  in 
four  bands  in  the  visible  and  near  Infrared  portion  of 
the  spectrum;  the  Visible  and  Thermal  Imaging 
Radiometer  (VTIR),  a  scanne’'  if  lower  spatial  resolution 
imaging  in  the  visible  and  lermal  infrared  portion  of 
the  spectrum;  and  the  Microwave  Scanning  Radiometer 
(HSR),  a  two  frequency  imaging  passive  microwave 
radiometer.  This  sensor  complement  allows  the  surface 
of  the  earth  to  be  imaged  simultaneously  in  three 
separate  spectral  regions.  In  the  past,  it  was 
necessary  to  use  images  from  two  or  three  different 
satellites  making  it  difficult  to  understand 
relationships  between  the  various  spectral  regions. 
The  simultaneity  of  imagery  is  of  particular  Importance 
in  the  study  of  ocean  features  which  frequently  change 
significantly  in  a  matter  of  a  few  hours. 


2.  THE  ARRANGEMENT 

Following  the  exchange  of  enabling  letters  between 
the  Ministers  responsible  for  the  MOS-1  Programs  in 
Canada  and  Japan,  the  Canada  Centre  for  Remote  Sensing 
(CCRS)  and  NASDA  signed  an  Arrangement  for  the 
Reception  of  Data  from  the  Marine  Observation 
Satellite.  CCRS  was  permitted  to  select  and  track  the 
MOS-1  satellite  for  100  orbits  over  Canada  in  the 
period  May  1  to  October  15,  1988.  Because  of  the 
reception  circles  of  the  Canadian  ground  stations  cover 
most  of  North  America,  imagery  of  both  Canada  and  the 
U.S.A.  could  have  been  received  under  the  Arrangement. 


Figure  1.  Black  and  white  rendition  of  a  MESSR  image 
centred  on  Ottawa.  The  Gatineau  Satellite  Station  is 
slightly  below  the  centre  of  the  Image  on  the  Gatineau 
River  (the  small  river  flowing  from  northwest  to 
southeast). 

The  Arrangement  also  permitted  the  Canadian  MOS-1 
Project  Team  (see  section  3)  to  use  the  MOS-1  Imagery: 
to  evaluate  the  data  itself  (sensor  performance, 
technical  characteristics,  etc. ) .  to  develop  processing 
algorithms  and  to  demonstrate  applications.  Because 
the  MOS-l  Program  was  seen,  at  the  time,  to  be  a 
development  program  by  both  CCRS  and  NASDA,  the 
Arrangement  did  not  permit  CCRS  to  distribute  the  data. 
Data  for  purposes  outside  those  of  the  research 
interests  of  the  Canadian  MOS-1  Project  Team  was  to  be 
obtained  through  NASDA  (see  section  9). 
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Figure  2.  A  map  of  Canada  with  provincial  boundaries  showing 
the  centres  of  'cloud-free'  MESSR  scenes  acquired  in  the 
period  Hay  A  to  December  1,  1988.  MBSSRl  scenes  are 
indicated  with  squares,  MESSR2  with  circles. 


Figure  3.  Flow  of  HOS-1  data  from  reception  and  recording, 
through  quicklook  and  catalog  generation,  to  the  search  of 
the  inventory. 


3.  THE  CANADIAN  MOS-1  PROJECT  TEAH 

CCRS  invited  almost  all  active  Canadian  research 
groups  to  participate  in  the  Canadian  MOS-1  Project 
Team.  Most  of  the  groups  proposed  applications 
development  projects  exploiting  imagery  from  the  sensors 
on  the  satellite.  A  few  proposals  were  received  to 
acquire  sample  data  sets  that  could  be  used  to  develop 
processing  or  image  analysis  software.  As  each  of  the 
proposals  addressed  a  different  aspect  of  the  HOS-1 


data,  no  proposals  were  rejected. 

There  were  30  team  members.  CCRS  undertook  to 
acquire  the  data  required  by  each  of  the  team  members. 
The  requested  data  were  acquired  successfully  in  almost 
every  case.  Raw  data  have  been  delivered  in  both 
photographic  and  digital  form  to  some  team  members; 
most  team  members  needed  processed  imagery,  deliveries 
of  which  did  not  start  until  late  April  1989  (see 
Section  7). 
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MOS-l  team  members  were  informed  of  progress  and 
status  of  the  overall  project  by  means  of  an  informal 
newsletter.  In  addition,  a  team  meeting  was  held  in 
Ottawa  in  early  December  1988  to  allow  members  to 
examine  the  catalog  of  quicklook  imagery. 

4.  THE  RECEPTION  OF  HOS-1  DATA 

The  Gatineau  Satellite  Station  (GSS)  at  Cantley, 
Quebec  (near  Ottawa)  was  upgraded  to  track  HOS-1.  GSS 
began  to  receive  MESSR  and  VTIR  imagery  on  Hay  4,  1988 
and  all  three  sensors  were  recorded  beginning  June  1, 
1988.  A  total  of  169  orbits  were  tracked  from  Hay  1  to 
December  31,  1988.  Due  to  a  problem  with  the  satellite, 
there  are  four  paths  over  Canada  for  which  the  satellite 
cannot  be  turned  on.  As  it  has  turned  out,  the  areas 
accessible  from  these  paths  have  not  contained  targets 
of  particular  interest  to  the  Canadian  HOS-1  Project 
Team.  A  map  of  Canada  locating  the  'cloud-free'  scenes 
which  have  been  acquired  is  shown  in  Figure  2.  About 
1400  scenes  are  Identified  on  this  map  of  the  2116 
'cloud  free'  scenes  of  Canada  and  the  United  States 
acquired  by  the  Gatineau  Satellite  Station. 

5.  HOS-1  QUICKLOOK  AND  TRANSCRIPTION  SYSTEH 

A  system  was  required  to  monitor  the  condition  of 
the  satellite  downlink  in  real  time,  to  generate 
quicklook  Imagery  and  to  catalog  data  for  the  HOS-1 
sensors.  Earlier  such  systems  had  written  monochrome 
quicklook  Imagery  to  film  or  microfiche;  the  HOS-1 
s,  ."em  was  to  write  colour  quicklook  images  on  an  analog 
viQbO  disk.  Cloud  cover  estimates  were  to  be  entered 
in  the  catalog  by  an  operator  working  off-line,  using 
a  video  display  of  the  HBSSR  imagery.  A  second  major 
function  was  to  transcribe  raw  scenes  of  HESSR,  VTIR  and 
HSR,  as  well  as  telemetry  data  from  High  Density  Digital 
Tape  to  Computer  Compatible  Tapes  (CCTs).  There  was 
also  a  need  to  integrate  the  HESSR  catalog  with  the  SPOT 
and  LANDSAT  catalogs,  and  to  provide  the  capability  of 
searching  the  catalog  on  a  personal  computer  (PC). 

5.1  Implementation 

An  existing  SPOT  Quicklook  System  was  modified  to 
process  HOS-l  data.  The  host  computer  is  a  VAX-11/730, 
with  the  usual  peripherals  and  some  custom  hardware  to 
support  the  HOS-1  requirements.  It  has  4  Kbytes  of 
memory,  a  floating  point  accelerator,  a  total  of  572 
Kbytes  of  disk  space,  a  1600  bpi  tape  drive  and  an  8- 
line  communication  interface  that  connects  terminals, 
a  data  link  and  an  optical  disk  recorder.  A  block 
diagram  of  the  data  flow  for  HOS-1  is  shown  in  Figure 
3. 

HOS-1  data,  after  being  received  and  recorded  on 
a  Honeywell  HD96  High  Density  Tape  Recorder  (HDTR),  are 
input  to  the  VAX  computer  via  the  custom  Front-end 
Processor  (FP).  The  FP  synchronizes,  sub-samples  and 
reformats  the  satellite  imagery  data,  and  controls  the 
colour  display.  Two  display  controllers  are  available, 
a  Revolution  Series  (Number  9  Corporation)  graphic 
display  board  produces  NTS-C  video  imagery  while  a 
Hetheus  Omega  530  display  controller  generates  a  512x512 
or  1024x1024  pixel  video  display.  No  radiometric  or 
geometric  corrections  are  applied  to  the  data  before 
display. 

A  Panasonic  TQ-2026F  video  optical  disk  recorder 
(ODR)  records  each  raw  and  un-annotated  HESSR  image  in 
NTS-C  format  directly  from  the  FP.  The  address  of  the 
ODR  frame  to  which  the  image  is  written  is  controlled 
by  the  host  computer.  Up  to  24000  scenes  or  about  350 
Canadian  passes  can  be  recorded  on  a  single-sided  20  cm 


diameter  optical  disk. 

The  performance  of  the  HOS-1  Quicklook  and 
Transcription  System  is  summarized  in  Table  1. 


Table  I.  Summary  of  the  HOS-1  Quicklook  and 
Transcription  System  Throughput. 


HESSR  display  speed 

twice  real-time 

HESSR  quicklook  speed 

twice  real-time  or  less 
than  an  hour  when  batched 
to  process  an  HDDT  of  up 
to  6  passes 

Cloud  cover  entry 

less  than  5  minutes  per 
pass 

HESSR  scene-to-disk 

about  2  minutes 

VTIR  scene-to-disk 

about  3  minutes 

HSR  scene-to-disk 

about  5  minutes  per  pass 

Disk-to-CCT 

about  40  minutes  on  VAX- 
11/730  or  about  10  minutes 

5.2  Quicklook  and  Catalog  Generation 

For  catalog  generation,  HESSR  data  are  read  from 
the  HDT,  decimated  by  the  FP  and  displayed  in  NTS-C 
video  format.  The  control  process  in  the  host  computer 
uses  the  pre-generated  nominal  World  Reference  System 
(WRS)  framing  Information  and  the  station  time  code 
(from  a  separate  track  on  the  HDT)  to  determine  the 
scene  end  time  which  triggers  the  recording  of  the 
displayed  scene  to  the  ODR.  At  each  scene  end  time, 
catalog  information  including  WRS  indices,  station 
time,  scene  quality  Information  and  ODR  frame  number  is 
written  to  the  catalog  file.  Catalog  files  are 
generated  in  the  same  free-format  as  is  used  for  SPOT 
thereby  allowing  easy  Integration  of  the  HESSR  files 
into  the  satellite  inventory. 

After  the  quicklook  recording  process,  an  operator 
assesses  the  recorded  pass  and  estimates  cloud  content 
of  each  scene.  Two  catalogs  are  generated  for  each 
pass,  the  'master'  containing  information  of  all 
scenes,  and  the  'cloud-free'  containing  Information 
only  of  scenes  with  20Z  or  less  cloud  cover. 

Using  the  master  file  of  HESSR  imagery  on  the  ODR 
and  the  catalog,  a  subset  of  the  imagery  may  be 
selected  and  written  to  VHS  video  cassettes.  All  team 
members  have  been  provided  with  a  video  tape  of  the 
'cloud-free'  catalog. 

5.3  CCT  Production 

During  CCT  production,  the  data  flow  from  the  HDTR 
to  the  CCT  drive  is  controlled  by  a  single  supervisory 
program  in  the  host  computer.  On  input,  the  HDT  is 
played  from  slightly  before  the  start  of  the  required 
scene,  the  bit  stream  is  synchronized  and  formatted  by 
the  FP  and  the  selected  sensor  data  is  sent  to 
Intermediate  storage  on  disk.  At  the  same  time  as  the 
data  are  being  sent  to  disk,  the  data  are  sub-sampled 
by  the  FP  and  the  decimated  image  is  sent  to  the 
Hetheus  display.  Following  this  input  process,  the 
integrity  and  quality  of  the  data  on  disk  are  analyzed 
by  the  computer  in  preparation  for  output  to  CCT.  The 
output  CCT  format  follows  the  NASDA  specification. 
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When  MSK  and  telemetry  data  are  being  extracted,  a  whole 
pass  may  be  processed  at  once;  for  the  other  sensors, 
one  scene  is  processed  at  a  time. 

5.4  Inventory  Search  on  a  Personal  Computer 

A  simple  and  convenient  means  for  accessing  MESSR 
quicklook  image  inventory  has  been  developed  as  part  of 
the  HOS-1  project.  It  was  designed  to  demonstrate  a 
video  opticai  disk  used  interactively  with  the  image 
catalog  as  a  replacement  for  microfiche,  both  at  the 
order  desks  and  at  the  site.s  of  sophisticated  end-users. 

All  HESSR  scenes  received  at  the  Gatineau 
Satellite  Station  were  recorded  on  optical  disk  (Section 
5.2).  The  catalog  information  collected  by  the  MOS-1 
Quicklook  System  and  stored  in  the  satellite  inventory 
was  downloaded  to  the  hard  disk  of  a  PC  which  in  turn 
controlled  the  ODR  through  an  RS-232  interface.  Due  to 
the  storage  restrictions  on  PCs  and  unsophisticated 
search  mechanisms,  only  the  'cloud-free'  versions  of  the 
catalog  files  stored  on  the  VAX  computer  are  normally 
transferred  to  the  PC. 

Simple  commands  were  Implemented  enabling  the 
user  to  select  a  data  set  for  input,  generate  a  subset, 
select  and  display  individual  scenes  as  well  as  store 
and  retrieve  subsets.  Standard  data  sets  available  are 
MOS-i  or  SPOT,  master  or  'cloud  free'.  The  selected 
input  data  set  file  may  be  further  reduced  to  a  subset 
according  to  a  range  of  location  (path/row  or 
iongitude/latitude)  or  time  period  (year/day)  specified 
by  the  user.  Following  the  generation  of  a  subset,  its 
size  and  the  first  available  scene  are  automatically 
displayed.  Each  scene  in  the  subset  may  be  selected 
from  the  optical  disk  for  display  on  a  separate  NTS-C 
video  monitor  while  the  corresponding  catalog 
information  arc  shown  on  the  PC  screen.  A  user  may  use 
single-key  cursor  commands  to  'walk-through'  the  entire 
subset  of  up  to  750  scenes. 


Figure  4.  Black  and  white  rendition  of  a  HESSR  scene 
of  the  western  end  of  Lake  Ontario.  Toronto  is  in  the 
top  right  quadrant  of  the  image,  the  city  of  Hamilton 
is  at  the  centre  of  the  lower  edge. 

The  catalog  system  represents  a  major 
technological  advance  and  a  potential  improvement  in 


the  service  which  will  be  offered  to  all  Canadian  users 
of  remotely  sensed  imagery  when  a  limilar  capability  is 
adopted  for  the  LANDSAT  and  SPOT  image  catalogs. 

6.  PRELIMINARY  EVALUATION  OF  MOS-1  IMAGERY 

(Manore  and  Butlin,  1989)  have  carried  out  a 
preliminary  analysis  of  the  raw  MOS-1  imagery  to 
determine  which  corrections  are  must  be  applied  in  the 
processing  of  the  data  prior  to  its  delivery  to  team 
members  wishing  to  carry  out  applications  research. 
Manore  and  Butlin  found  that,  in  addition  to  the  inter¬ 
detector  calibration,  the  MESSR  images  require 
significant  geometric  correction  to  register  the  four 
spectral  channels.  The  raw  VTIR  data  was  found  to  be 
most  satisfactory  and  in  need  of  little  additional 
processing.  Thr  radiometric  artifacts  apparent  in  the 
raw  MSR  imagery  will  need  to  be  corrected  using  the 
sensor  calibration  information. 

7.  PROCESSING 

MacDonald,  Dettwilcr  and  Associates  (MDA) 
(Erickson,  Robertson,  Sharpe,  1989)  of  Vancouver  is 
developing,  on  behalf  of  the  Canadian  MOS-1  Project 
Team,  a  software  package  to  process  HOS-1  imagery.  The 
software  will  accept  raw  CCTs  from  the  MOS-1  Quicklook 
and  Transcription  System  and  apply  the  appropriate 
radiometric  and  geometric  corrections.  As  this  will  be 
a  prototype  system,  the  through-put  will  be  limited  to 
only  a  few  scenes  per  day.  MDA  will,  in  the  course  of 
the  development,  process  20  scenes  from  each  of  the 
MOS-1  sensors.  The  first  MESSR  scenes  are  expected  in 
late  April  1989.  In  June  1989,  the  software  will  be 
delivered  to  OCRS  so  that  additional  scenes  can  be 
processed  for  the  team  members. 

8.  APPLICATIONS  BEING  INVESTIGATED 

Several  typical  full  scenes  of  MESSR  imagery  (105 
km  square)  are  shown  in  Figures  1,  4  and  5.  Raw  CCTs 
of  these  scenes  were  produced  on  the  MOS-1  Quicklook 
and  Transcription  System  and  then  imaged  on  a  FIRE  240 
film  recorder. 


Figure  5.  A  black  and  white  rendition  of  a  MESSR  scene 
of  Anticosti  Island  in  the  Gulf  of  St.  Lawrence.  Ocean 
features  are  apparent  near  the  shore.  Variations  in 
forest  cover  and  bogs  are  clearly  visible. 
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The  applications  of  MOS-1  imagery  being 
investigated  by  the  Canadian  HOS-1  Project  Team  include 
physical  oceanography,  sea  ice  studies,  forest  clear 
cut  mapping  and  inventory,  forest  fire  napping, 
agriculture  and  land  use,  topographic  map  revision, 
geology  and  hydrocarbon  exploration.  Those  are  the 
principle  disciplines  in  which  other  forms  of  satellite 
imagery  are  also  used  in  Canada.  Many  of  the  studies 
focus  on  evaluating  HOS-1  as  an  alternative  source  of 
data,  particulary  as  the  frequency  of  coverage  provided 
by  other  satellites  alone  is  inadequate  for  many 
studies,  especially  when  cloud  cover  is  been  taken  into 
account . 

Most  of  the  studies  carried  out  by  the  Canadian 
HoS-1  Project  team  are  integrated  into  existing 
programs.  In  many  cases  imagery  was  collected  of  well 
established  tost  sites  supported  by  various  federal, 
provincial  and  university  laboratories.  In  the  case  of 
one  oceanographic  experiment,  MOS-1  imagery  was  acquired 
coincident  with  a  major  survey  around  Georges  Bank,  off 
the  coast  of  Nova  Scotia. 

The  following  is  one  example  of  the  type  of 
project  in  which  MOS~i  data  is  being  used.  Only  a  small 
group  of  scientists  at  the  Atmospheric  Environment 
Service  (AES)  have  had  experience  with  passive  microwave 
imagery.  Thus,  to  introduce  this  important  data  type 
into  a  wider  group  of  applications,  CCRS  and  AES  will 
carry  out  a  collaborative  project  with  Ph.D.  Associates 
of  Toronto,  one  of  the  few  companies  in  Canada  having 
analyzed  this  type  of  data  in  the  past.  Existing  HSR 
scenes  of  the  ocean  will  be  used  to  develop  a 
'calibration'  of  the  MSR  through  a  comparison  with  the 
SSH/I  sensor  carried  by  the  Defense  Meteorology 
Satellite.  Additional  HSR  imagery  is  being  collected 
this  winter  over  the  Saskatchewan  prairies  and  southern 
Ontario  where  snow  thickness  surveys  are  carried  out  as 
part  of  a  continuing  hydrometeorology  project.  Standard 
algorithms  will  be  used  to  reduce  the  MSR  brightness 
temperatures  and  map  the  water  equivalence  of  the  snow 
cover.  These  results  will  be  compared  to  the  surface 
measurements. 

9.  CONCLUDING  REMARKS 

An  amendment  to  the  Arrangement  has  been 
negotiated  whereby  CCRS  may  continue  to  receive  MOS-1 
data.  In  addition,  CCRS  is  permitted  to  distribute  MOS- 
i  data  from  its  archives. 

CCRS  will  upgrade  the  facilities  at  Prince  Albert 
Satellite  Station  to  receive  HOS-1,  to  give  nearly 
complete  North  American  coverage,  beginning  in  the 
Spring  of  1989.  This  is  seen  as  an  important  step  in 
meeting  the  demands  of  the  user  community  and 
encouraging  the  wider  use  of  HOS-1  data. 

This  paper  was  also  presented  at  the  HOS-1 
International  Symposium  (Butlin  ct  al,  1988). 
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ABSTRACT 

The  Marine  Obeervation  Satellite  (MOS-1)  hai  been  operational  and  rou¬ 
tinely  acquiring  data  for  over  20  months.  As  part  of  the  MOS-1  verification 
project,  the  Canadian  Centre  for  Remote  Sensing  (OCRS)  has  acquired  over 
160  orbits  of  MOS-1  data.  In  order  to  effectively  evaluate  this  data,  it  must 
first  be  processed  to  correct  for  radiometric  and  geometric  errors.  To  meet 
this  treed,  MacDonald  Dettwiler  has  developed  a  prototype  MOS-1  cor¬ 
rection  system  capable  of  radioraetrically  and  geometrically  correcting  taw 
MOS-1  data.  This  paper  reviews  the  Canadian  MOS-1  processing  capabili¬ 
ties.  It  begins  with  a  review  of  the  MOS-1  sensors  and  image  characteristics. 
Following  this,  the  radiometric  and  geometric  correction  algorithms  of  the 
Canadian  prototype  system  ate  described.  Finally,  examples  of  the  pro¬ 
cessed  imagery  ace  presented. 

Keywords:  MOS-1,  Geometric  Correction,  Radiometric  Correction. 


1  INTRODUCTION 

Since  its  launch  on  February  19,  1987,  the  Marine  Observation  satel¬ 
lite  (MOS-1)  hru  been  routinely  acquiring  data  over  North  America. 
As  part  of  the  MOS-1  verification  project,  the  Canadian  Centre  for 
Remote  Sensing  (OCRS)  has  tracked  over  160  orbits  of  MOS-1  data 
from  which  test  scenes  will  be  chosen  for  sensor  evaluation  and  ap¬ 
plication  studies.  Preliminary  evsduation  of  the  raw  data  imagery 
generated  by  the  OCRS  Quicklook  Transcription  System  [Butlin  89) 
indicated  that  in  order  to  effectively  anedyze  the  data,  it  would  first 
have  to  be  processed  to  correct  for  radiometric  and  geometric  er¬ 
rors.  The  goal  of  the  current  project  is  to  provide  corrected  data  for 
Canadian  researchers  to  assess  the  quality  and  utility  of  MOS-1,  and 
provide  OCRS  with  limited  MOS-1  processing  capabilities  to  meet 
further  processing  needs  on  an  interim  basis. 

To  meet  this  goal,  MacDonald  Dettwiler  has  developed  a  prototype 
radiometric  and  geometric  correction  system  capable  of  processing 
data  ftom  all  three  MOS-1  sensors.  The  system,  which  is  based  on 
MacDonald  Dettwiler’s  Geocoded  Image  Correction  System  (GICS) 
engine,  takes  as  input  raw  MOS-1  data  on  LOGSWG  format  com¬ 


puter  compatible  tapes  (CCTs)  generated  by  the  OCRS  TVanscription 
System.  The  raw  data  is  absolutely  radiometrically  calibrated,  geo¬ 
metrically  corrected  to  a  map  projection,  and  output  on  LOGSWG 
format  CCTs.  Geometric  processing  resamples  the  image  to  a  map 
projection  correcting  for  sensor  alignment,  band-to-band  registration, 
earth  curvature  and  rotation  effects,  satellite  orbit  and  attitude,  and 
temperature  dependent  sensor  characteristics.  Radiometric  process¬ 
ing  converts  the  raw  digital  numbers  (DNs)  to  physical  units  cor¬ 
recting  for  temperature  dependent  sensor  characteristics  using  both 
infiight  sensor  calibration  data  and  preflight  itdbrmation. 

This  paper  describes  the  Canadian  processing  of  MOS-1  data.  The 
three  MOS-1  sensors  are  reviewed  with  emphasis  on  the  quality  of  the 
raw  image  data.  The  radiometric  and  geometric  correction  algorithms 
of  the  Canadian  prototype  system  are  then  discussed  follow!  q;  which 
examples  of  processed  imagery  are  presented. 

2  IMAGE  CHARACTERISTICS 

MOS-1  was  designed  to  observe  and  monitor  land,  ocean,  and  atmo¬ 
spheric  processes.  The  satellite  carries  three  sensors  which  observe 
the  earth  at  a  variety  of  resolutions  in  the  visible,  near-infrared,  ther¬ 
mal  infrared,  and  microwave  regions  of  the  electromagnetic  spectrum. 
In  this  sense,  MOS-1  provides  the  remote  sensing  community  with 
an  ideal  opportunity  to  study  and  compare  data  from  a  diverse  set 
of  sensors.  As  data  is  simultaneously  acquired  by  all  three  sensors, 
the  traditional  problems  associated  with  comparing  multisensor  data 
taken  at  different  times  and  tmder  different  envirotunental  conditions 
are  eliminated. 

2.1  MESSR  IMAGERY 

The  Multispectral  Electronic  Self-Scanning  Radiometer 
(MESSR)  was  designed  to  observe  the  earth  using  four  spectral  bands 
in  the  visible  and  near  infrared  spectrum.  There  are  actually  two 
MESSR  sensors,  systems  1  and  2,  which  point  at  fixed  angles  (nom- 
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MESSR 

Misregistration  FVom  Band  1  | 

System 

Band  2 

Band  3 

Band  4 

1 

1.07/0.72 

2.25/-0.28 

0.80/-0.86 

2 

-0.12/0.58 

4.87/1.38 

1.05/1.32 

Table  1:  Band-to-band  misregistration  in  raw  MESSR  data.  The 
values  are  given  in  the  along  and  across  track  directions  and  are  in 
units  of  pixels. 


inally  2.73°)  to  either  side  of  nadir.  Under  normal  operating  con¬ 
ditions,  imagery  may  be  acquired  from  only  a  single  system  at  a 
given  time.  Each  MESSR  is  a  push  broom  sensor  incorporating  a 
single  2048  element  CCD  linear  array  in  each  spectral  band.  It  has 
a  nominal  ground  resolution  of  50  meters  acquiring  data  over  a  100 
kilometer  swath  to  one  side  of  the  sateliite  track.  Radiometrically, 
the  MESSR’s  four  spectral  bands  are  similar  to  those  of  the  Landsat 
MSS  sensor.  This,  together  with  the  similar  geometric  resolutions, 
has  sparked  interest  in  comparing  the  quaUty  of  data  acquired  by  the 
two  sensors. 

Evaluation  of  raw  MESSR  imagery  has  shown  that  the  data  contains 
a  number  of  radiometric  and  geometric  artifacts  which  hamper  its 
analysis  (Manore  89,Henry  89a).  Significant  band-to-band  misregis¬ 
tration,  caused  by  nusallgnment  of  the  four  detector  arrays,  is  present 
in  images  acquired  by  both  systems.  The  magnitude  of  this  misreg¬ 
istration  varies  between  system  1  and  system  2,  and  may  be  as  large 
as  6  pixels.  In  many  applications  such  as  land  use  classification, 
accurate  band-to-band  registration  is  critical  and  any  misalignment 
can  introduce  significant  misclassification  errors.  An  analysis  of  six 
MESSR  images  was  undertaken  to  characterize  the  magnitudes  of 
the  detector  array  displacements  and  their  dependence  on  temper¬ 
ature.  Using  Band  1  as  a  reference,  the  spectral  bands  were  corre¬ 
lated  against  one  another  at  uniformly  distributed  grid  points  over 
each  image.  Tabie  1  tabulates  the  magnitudes  of  the  nusregistra 
tion  found.  These  results  are  consistent  with  those  repotted  in  the 
literature  (Manore  89,Henry  89a]. 

Analysis  of  the  radiometric  quaiity  of  raw  MESSR  data  has  identi¬ 
fied  a  single  major  artifact.  Vertical  striping,  typical  of  linear  array 
sensors,  has  been  identified  in  all  MESSR  images  studied  thus  far. 
This  striping  takes  two  forms:  random  striping  caused  by  differences 
in  the  gains  and  dark  current  offsets  of  adjacent  CCD  elements,  and 
periodic  striping  caused  by  the  even-odd  shift  registers  of  the  CCD. 
The  random  striping  may  be  removed  to  a  large  extent  b\  absolutely 
calibrating  the  data  using  NASDA  supplied  calibration  coefficients. 
The  periodic  even-odd  striping  is  not  as  easily  removed. 

2.2  VTIR  IMAGERY 

The  MOS-1  Visible  and  Thermal  Infrared  Radiometer  (VTIR)  is  de¬ 
signed  to  observe  the  temperature  of  earth  surfaces  (sea  surfaces)  and 
cloud  tops,  ice  distribution  and  cloud  distribution  using  one  band  in 
the  visible  region  and  three  bands  in  the  infrared  region.  The  VTIR  is 
similar  to  the  NOAA  AVHRR  sensor,  although  it  does  have  a  number 
of  distinct  characteristics.  Geometricaliy,  the  VTIR  is  a  mechanical 
scanning  radiometer  consisting  of  a  single  detector  in  each  band.  The 
ground  resolution  of  the  VTIR  is  nominaliy  900  meters  in  the  visible 
band,  and  2.7  kiluinetcrs  in  tiie  infrared  bands,  iladioinetricaiiy,  the 
VTIR  provides  16  gain  modes  in  each  band.  Calibration  of  the  data 
is  accomplished  by  observing  a  buiit-in  black  body  and  deep  space 
when  the  scanning  mirror  is  not  sweeping  the  earth. 

The  image  quality  of  raw  VTIR  data  is  relatively  good  with  only  a 
few  problems  being  reported  in  the  literature.  While  the  band  to- 
band  registration  is  much  better  than  for  MESSR,  there  is  still  a  1 


to  2  pixel  misalignment  between  the  different  detectors.  Radiometric 
artifacts  may  also  be  observed  in  the  data  in  the  form  of  horizontal 
vertical  striping  noise  almost  periodic  in  nature. 

2.3  MSR  IMAGERY 

The  MOS-1  Microwave  Scanning  Radiometer  (MSR)  is  designed  to 
observe  snow  conditions,  the  amount  of  vapor  in  the  atmosphere  over 
oceans,  and  the  amount  of  water  in  cloud  and  sea  ice  by  receiving 
microwave  noise  signals  emitted  through  the  air  from  ground  surfaces 
and  oceans.  The  MSR  employs  a  conical  scan  system  which  employs 
an  offset  cassegrain  antenna  common  to  both  bands.  Half  the  time 
required  for  one  rotation  of  the  antenna  is  used  for  earth  observation 
while  the  remaining  half  is  used  for  recording  the  calibration  data 
of  low  and  high  reference  temperature  sources.  The  MSR  produces 
data  in  two  bands  (23  GHz  and  31  GHz)  at  two  different  integration 
times  (47  msec  and  10  msec)  at  a  radiometric  resolution  of  10  bits. 
The  groimd  resolution  is  nominally  32  kilometers  in  the  two  23  GHz 
bands  and  23  kilometers  in  the  two  31  GHz  bands. 

Because  of  the  conical  scan  system,  the  ground  scanning  pattern  of 
the  MSR  is  semicircular,  leading  to  large  geometric  distortions  in 
the  raw  imagery.  Analysis  of  the  radiometric  quality  of  this  data 
has  shown  the  presence  of  horizontal  striping  in  the  imagery  as  well 
as  random  pixel  dropouts,  particularly  prevalent  near  the  top  and 
bottom  portions  of  the  imagery.  As  the  processing  unit  of  MSR  data 
is  a  full  sateUite  pass,  these  dropouts  are  most  likely  caused  by  errors 
in  communication  with  the  satellite  when  it  is  near  the  horizon. 

3  RADIOMETRIC  &  GEOMETRIC 
CORRECTION 

To  allow  for  overlay  and  comparison  of  images  from  the  different 
MOS-1  sensors,  the  raw  data  must  first  be  corrected  for  geomet¬ 
ric  distortions  introduced  by  the  nature  of  the  imaging  geometry. 
FWther,  the  imagery  must  be  absolutely  radiometrically  calibrated 
through  the  conversions  of  raw  DNs  to  physically  relevant  quantities 
so  as  to  facilitate  meaningful  comparisons  of  multitemporal  and  mul¬ 
tisensor  data.  This  is  necessary  tc  allow  the  effective  utilization  and 
comparison  of  datasets  from  all  three  MOS-1  sensors  both  amongst 
themselves  and  with  other  sensors  lUth  as  the  Landsat  MSS  and  TM 
sensors,  and  the  NOAA  AVHRR  sensor. 

To  meet  these  needs,  MacDonald  Dettwiler  has  developed,  on  behalf 
of  the  Canadian  MOS-1  Project  Team,  a  prototype  MOS-1  processing 
system  capable  of  geometrically  correcting  data  from  all  three  MOS-1 
sensors  to  a  standard  map  projection,  and  absolutely  calibrating  the 
raw  DNs  to  physietd  units.  The  system  is  based  on  MacDonald  Det- 
twiler’s  GIGS  engine  with  enhancements  to  handle  the  MOS-1  spe¬ 
cific  satellite  and  sensor  systems.  The  corrected  imagery  is  output  on 
LOGSWG  compatible  CCTs. 

Geometric  correction  is  performed  in  a  two  stage  process.  In  the 
first  stage,  the  correspondence  between  any  given  pixel  in  the  in¬ 
put  imagery  and  a  point  on  the  earth’s  surface  is  established.  This 
correspondence  is  called  the  forward  transformation.  In  the  second 
stage,  the  input  imagery  is  resampled  to  a  regular  grid  using  a  user 
selectable  resampling  kernel  The  processing  corrects  for  sensor  align 
ment,  band-to-band  registration,  earth  curvature  and  rotation  ef¬ 
fects,  satellite  orbit  and  attitude,  and  temperature  dependent  sensor 
characteristics.  The  primary  output  of  the  system  is  an  absolutely 
radiometrically  corrected  and  systematically  georeferenced  product. 
Systematic  refers  to  the  fact  that  the  images  are  geometricaUy  cor¬ 
rected  using  only  a  prion  information  such  as  the  sensor  geometry, 
ephemeris  and  attitude  data;  no  ground  truth  is  required.  Georefer- 
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Figure  1:  A  geometrically  and  radiometrically  corrected  MESSR  Band  3  image  of  the  Bay  of  Fundy  acquired  on 
September  6  1988.  The  data  was  acquired  using  high  gain  mode  by  MESSR  System  2.  For  comparison,  a  small 
subimage  taken  from  the  processed  VTIR  image  shown  in  Figure  2  is  given  in  the  inset.  (Copyright  NASDA  1989) 


enced  products  are  in  a  map  projection  oriented  in  the  direction  of 
the  nominal  satellite  heading  at  the  scene  center.  Output  pixel  spac- 
ings  for  the  three  sensors  have  been  chosen  such  that  they  differ  by 
integral  multiples  from  other  sensors  processing  by  the  GICS  system 
allowing  for  easy  multisensor  image  overlay  and  comparison. 

Radiometric  correction  is  also  performed  in  a  two  stage  process.  Input 
pixels  are  first  converted  to  physical  units  (typically  radiance)  using 
telemetry  data,  as  well  as  inflight  and  preflight  calibration  data.  The 
corrected  values  arc  then  converted  back  to  digital  numbers  for  out 
put  to  CCT  using  either  fixed  or  variable  gains  and  offsets.  These 
parameters  are  stored  in  the  radiometric  ancillary  record  of  the  cor¬ 
rected  CCT,  thus  may  be  used  to  convert  the  corrected  DNs  back  to 
physical  units. 

3.1  MESSR  PRODUCTS 

The  standard  processing  of  MESSR  data  generates  products  with  50 
meter  pixel  spacings  which  have  been  systematically  georeferenced  to 
either  the  Universal  Transverse  Mercator  (UTM)  or  Lambert  Confor¬ 
mal  Conic  (LCC)  map  projections.  The  process  corrects  for  sensor 
alignment,  band-to-band  registration,  earth  curvature  and  rotation 
effects,  satellite  orbit  and  attitude  ani(^teiiiperature  dependent  dis¬ 
tortions  of  the  CCD  arrays. 

An  analysis  of  the  geometric  accuracy  of  the  systematically  corrected 
MESSR  products  was  performed  on  a  MESSR  System  1  image  of 
Hamilton,  Canada  acquired  on  September  28  1988  using  seventeen 
control  points  distributed  uniforiidy  throughout  the  image.  After  re¬ 
moval  of  the  along  and  across  track  bias  errors  (due  to  the  systematic 
nature  of  the  spacecraft  modelling),  the  combined  RMS  error  in  lo¬ 
cating  accuracy  was  found  to  be  44  meters,  i.e.  less  than  one  pixel 
error. 


The  scale  accuracy  of  the  product  was  measured  using  the  same  17 
GCPs.  Scale  accuracy  is  defined  as  the  error  between  actual  distances 
on  the  ground,  and  the  distances  estimated  from  the  imagery,  dj 


scale  accuracy  =  (1) 

The  scale  accuracy  of  the  corrected  MESSR  data  was  found  to  have 
an  RMS  value  of  0.001,  which  is  similar  to  the  values  reported  for 
SPOT  data  by  ONES  [Henry  89a). 

The  radiometric  correction  of  MESSR  data  includes  absolute  calibra¬ 
tion  of  the  raw  DNs  to  radiance  using  satellite  telemetry  data  and 
preflight  measurements  supplied  by  NASDA,  relative  calibration  to 
remove  residual  striping,  and  decompression  of  the  6-bit  data.  The 
calibrated  radiance  is  converted  to  an  8-bit  DN  using  fixed  band/gain 
mode  dependent  radiance  limits  before  output  to  CCT.  As  MOS-1  has 
no  in-flight  absolute  calibration  capability,  one  can  not  directly  mon¬ 
itor  and  track  the  radiometric  degradation  of  the  sensor  over  time. 
However,  work  by  Henry  el.  of.  (Henry  89b]  comparing  MESSR  im¬ 
agery  with  near  simultaneous  SPOT  MLA  data  has  shown  that  it  is 
possible  to  achieve  absolute  radiometric  calibration  with  an  uncer¬ 
tainty  as  low  as  10  percent. 

An  example  of  a  geometrically  and  radiometrically  corrected  MESSR 
System  2  image  of  the  Bay  of  Fundy  is  shown  in  Figure  1.  The 
image  was  acquired  using  high  gain  mode  on  September  6  1988.  To 
demonstrate  the  utility  of  geometrically  the  data,  a  small  subimage 
of  a  corrected  VTIR  image  over  the  same  area  is  shown.  Comparison 
of  the  processed  data  is  made  easier  since  both  images  have  been 
corrected  to  the  same  map  projection,  and  the  pixel  sizes  are  integral 
multiples  of  one  another. 
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Figure  2;  Part  of  a  geometrically  and  radiometrically  corrected  VTIR  visible  band  (Band  1)  image  oft'  the  east  coast 
of  Canada  acquired  cn  September  6  1988.  The  image  has  been  corrected  to  the  Lambert  Confromal  Conic  map 
projection  with  650  meter  pixel  spaclngs.  (Copyright  NASDA  1989) 


3.2  VTIR  PRODUCTS 

Standard  processing  of  VTIR  data  generates  systematically  georef- 
erenced  products  In  the  LCC  map  projection  which  have  been  cor¬ 
rected  for  band-to-band  misregistration,  earth  curvature  and  rotation 
effects,  panoramic  distortions,  satellite  orbit  and  attitude  errors,  and 
different  spatial  resolutions  between  bands.  The  corrected  data  is  re¬ 
sampled  to  a  650  meter  pixel  spacing  to  maintain  the  pixel  sampling 
rate  of  the  visible  band  while  at  the  same  time  allowing  easy  com¬ 
parison  with  1100  meter  AVHRR  data.  The  raw  DNs  are  converted 
to  radiance  using  both  inflight  calibration  data  obtained  by  viewing 
a  reference  black  body  and  deep  space,  as  well  as  preftight  data.  The 
corrected  radiance  is  converted  to  an  8-bit  DN  using  scene  specific 
gains  and  offsets  before  being  output  to  CCT. 

An  example  of  a  geometrically  and  radiometrically  corrected  VTIR 
product  off  the  east  coast  of  North  America  acquired  on  September 
6  1988  is  shown  in  Figure  2.  Geometric  processing  has  corrected  for 
the  uneven  line  and  pixel  spacing,  differing  resolution,  and  the  large 
panoramic  distortions  present  in  the  raw  data.  This  allows  for  easy 
comparison  with  other  sensors  as  was  demonstrated  in  Figure  1 . 


3.3  MSR  PRODUCTS 

Because  of  the  unique  characteristics  of  the  MSR  sensor,  two  types 
of  products  may  be  produced  by  the  MOS-1  processing  system.  To 
meet  the  requirements  of  specialized  users,  the  system  is  capable  of 
generating  an  ASCII  table  from  the  raw  MSR  data  which  tabulates 
the  location  (in  LCC  and  geodetic  coordinates),  tb  temperature,  and 
the  solar  conditions  for  each  observation  point.  To  ’t  the  needs  of 
mure  traditional  image  processing  users,  the  system  is  m  capable  of 
generating  raster  MSR  products.  In  both  cases,  the  sysk  .m  corrects 
geometric  errors  due  to  earth  curvature  and  rotation  effects,  satel¬ 
lite  orbit  and  attitude  errors,  different  spectral  resolutions,  and  the 
sensor  scanning  characteristics.  Radiometric  correction  of  MSR  data 
converts  the  raw  DNs  to  brightness  temperature  using  inflight  cali¬ 
bration  information.  The  correction  has  been  further  supplemented 
to  allow  the  detection  and  correction  of  the  random  pixel  dropouts. 


4  CONCLUSIONS 

Canadian  MOS-1  data  processing  capabilities  have  been  described. 
A  prototype  system  has  been  developed  by  MacDonald  Dettwiler  for 
OCRS  capable  of  radiometrically  and  geometrically  correcting  data 
from  all  three  MOS-1  sensors.  The  processing  capabilities  include: 

•  systematic  geometric  correction  to  a  map  projection  modelling 
and  removing  distortions  introduced  by  the  sensor,  satellite, 
and  earth; 

•  absolute  and  relative  radiometric  corrections; 

The  system  will  provide  OCRS  with  the  capability  to  meet  the  pro¬ 
cessing  requirements  of  Canadian  MOS-1  Project  Team,  and  to  meet 
additional  MOS-1  processing  needs  on  an  interim  basis. 
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ABSTRACT 

In  order  to  verify  the  capabiiity  of  the  MOS- 
1  Microwave  Scanning  Radiometer (MSR)  for  sea 
ice  monitoring,  airborne  experiments  were 
carried  out  by  NASDA  in  1985  and  in  1988  in 
the  Okhotsk  Sea.  Both  airborne  and  MOS-1  MSR 
data  were  analyzed  in  this  study.  Ice 
thickness  and  ice  concentration  were 
estimated  from  the  simultaneously  corrected 
Visible  and  Thermal  Infrared  Radiometer(VTIR) 
data  and  were  compared  with  the  MSR  data. 

The  airborne  MSR  brightness  temperature  has 
shown  a  good  linear  relationship  with  sea  Ice 
thickness.  More  than  30K  brightness 
temperature  difference  was  observed  between 
open  water  and  ice  floes.  The  tendency  of  the 
Increase  of  ice  concentration  with  the 
increase  of  MSR  brightness  temperature  was 
observed.  However,  the  airborne  MSR 
brightness  temperature  of  thin  ice  floes  were 
mostly  overlapped  with  ice-water  mixed  area. 
The  MOS-1  MSR  brightness  temperature  has 
shown  a  linear  relationship  with  the  sea  ice 
concentration  estimated  from  the  MOS-1  VTIR. 

Keywords:  Passive  Microwave  Sensor,  MOS-1, 

MSR,  VTIR,  Sea  Ice  Concentration 


1. INTRODUCTION 

Satellite  passive  microwave  sensors  provide 
us  useful  sea  ice  information  with  wide 
coverage,  through  cloud,  and  both  day  and 
night.  However,  as  the  footprint  size  of 
these  sensors  are  usually  very  large  (more 
than  20km},  one  footprint  is  expected  to  be  a 
mixture  of  a  various  types  of  sea  ice  and 
open  water.  Therefore  it  is  not  easy  to 
evaluate  the  relationship  between  sea  ice 
condition  and  satellite  passive  microwave 
sensor  data. 

One  of  the  advantage  of  MOS-1  is  that,  it  can 
observe  same  phenomena  at  the  same  time  with 
the  three  different  sensors  which  are  the 


Multi-spectrum  Electronic  Self-scanning 
Radiometer(MESSR) ,  the  Visible  and  Thermal 
Infrared  Radlomeler(VTIR)  and  the  Microwave 
Scanning  Radiometer (MSR) .  The  31GHz  channel 
of  MSR  has  good  atmospheric  penetration,  and 
expected  to  provide  useful  information  for 
sea  ice  monitoring.  While  VTIR  visible 
channel  provide  us  more  detailed  image  of  the 
sea  ice  under  the  fine  weather.  Assuming  that 
the  detailed  sea  ice  condition  can  be 
estimated  by  the  VTIR  data,  one  can  easily 
evaluate  the  relationship  between  the  MSR 
data  and  sea  Ice  condition  by  comparing  the 
MSR  data  with  the  VTIR  data.  From  this  point 
of  view,  the  airborne  data  and  the  satellite 
data  were  analyzed  to  evaluate  the  capability 
of  MSR  for  sea  ice  monitoring. 


2.  Airborne  Data  Analysis 

As  part  of  the  MOS-1  Verification  Program,  a 
series  of  airborne  experiment  for  sea  ice 
monitoring  were  carried  out  by  NASDA  in  1985 
and  in  1988  in  the  Okhotsk  Sea  off  the  north 
coast  of  Hokkaido,  Japan.  All  the  sea  ice 
within  this  region  are  one  year  or  younger 
ice.  This  situation  simplifies  the  evaluation 
of  MSR.  The  MSR  and  VTIR  equivalent  in 
performance  to  MOS-1  sensors  were  mounted 
on  an  airplane,  turbo-prop  type  "Merlin  IV 
A",  and  several  flights  were  conducted.  The 
parameters  of  the  data  used  in  this  study  are 
shown  on  Table  1. 


Table  1.  Parameters  of  the  analyzed  data. 
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2.1  Ice  thickneiss 

Firstly,  the  basic  ability  of  .MSH  for 
detecting  ice  thickness  difference  was 
evaluated  with  the  low  al ti tudctSOOm) 
Jirborne  MSR  and  VTIR  data  of  the  Okhotsk  Sea 
fir  Jan.  25,  1985.  The  Fig.l  shows  an  example 
of  MSR  Image.  The  image  is  underscanned 
because  of  the  low  flight  altitude.  The 
footprint  of  MSR  are  overlaid  on  the  VTIR 
image  as  shown  on  Fig.  2.  By  comparing  the 
image  with  simultaneously  taken  aerial 
photos,  7  plane  ice  zones  were  selected  as 
training  area.  Open  water  were  not  observed 
in  this  site.  Fig  3.  shows  a  linear 
relationship  between  the  VTIR  data  value  and 
MSR  brightness  temperature.  If  we  ignore  the 
effect  of  the  snow  cover,  the  VTIR  brightness 
value  of  ice  increases  with  the  thickness  of 
ice.  The  result  suggests  the  basic  ability  of 
MSR  for  ice  thickness  difference  detection. 


2.2  Ice  Concentration 

Sea  ice  concentration  information  are 
significant  for  routlig  ships  safely  through 
ice.  Originally,  sea  ice  charts  were  made 
manually  with  various  Information  mainly 
corrected  with  visual  observation  from  shore, 
from  ships,  from  low  altitude  airplane. 
Nowadays,  remotely  sensed  images,  such  as 
NOAA  AVHRR  images,  are  becoming  utiiized  for 
making  sea  ice  charts.  Though  the  visual 
definition  of  sea  ice  concentration  using 
remotely  sensed  image  may  change  with  the 
correlation  of  the  size  of  the  ice  floes  and 
the  resolution  of  the  image,  if  we  assume  a 
linear  relationship  between  the  brightness 
value  of  the  remotely  sensed  data  and  ice 
concentration,  the  ice  concentration  can  be 
estimated  by  the  following  formula. (after 
Zwally  et  al,  1982,  Alexandrov  et  al,  1987) 


Ic.  =  2  {  (Di-Dw)  /  (Di-Dw)  }  /  2  i  (1) 

l<z 

where: 

I  CM  =  Ice  concentration  of  zone  Z 
Di  =  Brightness  value  of  the  pixel  i 
D*  =  Brightness  value  of  open  water 
Di  =  Brightness  value  of  white  ice 

It  should  be  noted  that  this  formula 
calculates  "average  ice  concentration"  of 
the  specified  ice  zone  Z.  If  one  wants  to 
correlate  the  calculated  ice  concentration 
with  visually  identified  conventional  ice 
concentration,  one  should  select  ice  zones 
where  the  sea  ice  are  evenly  distributed 
within  the  zone. 

Fig  4.  shows  an  aii’borne  MSR  image  of  the 
Okhotsk  Sea  for  Feb.  9.  1988.  The  altitude  of 
the  flight  was  5000ro  and  the  resolution  of 
the  MSR  data  for  31GHz  is  114m.  In  the  test 
site,  total  of  18  ice  zones  for  various  ice 
concentration  were  selected  manually  as 
shown  on  Fig.  5.  The  ice  concentration  of 
each  zone  were  calculated  from  VTIR  visible 
data  using  fomula(l).  The  relationship 
between  the  MSR  brightness  temperature  and 


Fig.l.  An  example  of 
airborne  MSR  image. 

(31GHz) 


Fig. 2  Training  area 
selection.  Airborne 
MSR  footprint  are  over¬ 
laid  on  airborne  VTIR 
image  and  7  training 
area  were  selected. 


Fig.  3  Relation  between  MSR  brightness 
temperature  and  VTIR  brightness  value  which 
reflects  relative  Ice  thickness. 
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Fig.  4  Airborne  MSR  image-  of  the  Okhotsk  Sea 
for  Feb.  9,  1988.  (31GHz) 
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Fig. 5  Training  area  overlaid  on  aerial  photo. 


AIIt»OltMe  HSU  KRICHTNCSS  TCKT)  KATl'KC  (31CHz,  IOp^cc) 


Fig.  6  Relation  betv<een  airborne  MSR 
brightness  temperature  and  ice  concentration 
derived  from  VTIR  brightness  value. 


ice  concentration  derived  from  VTIR  data  is 
shown  on  Fig.  6.  A  obvious  brightness 
temperature  gap  (30K  difference)  between  the 
open  water  and  ice  floes  was  observed.  The 
tendency  of  the  Increase  of  MSR  brightness 
temperature  with  the  increase  of  Ice 
concentration  was  slightly  observed.  Though 
thin  Ice  floes  and  ice-water  mixed  area 
showed  clear  difference  In  VTIR  derived  Ice 
concentration,  the  airborne  MSR  brightness 
temperature  of  thin  ice  floe  are  mostly 
overlapped  with  that  of  ice-water  mixed  area. 


3.  Satellite  Data  Analysis 

Based  on  the  result  of  the  airborne  data 
analysis,  the  satellite  data  are  analyzed. 
The  parameters  of  the  data  used  for  the 
analysis  are  shown  on  Table  1. 

Fig.  7  and  Fig.  8  show  the  MSR  image  and 
VTIR  image  respectively  of  the  Okhotsk  Sea 
for  Feb.  9,  1988.  Total  of  15  training  area 
with  different  Ice  concentration  were 
selected  manually  with  the  simultaneously 
corrected  VTIR  image  as  shown  on  Fig.  9. 


Fig.  7  MOS-1  MSR  Image  of  the  Okhotsk  Sea 
for  Feb.  9,  1988.  (31GHz) 


Fig.  8  MOS-1  VTIR. visible  image  of  the 
Okhotsk  Sea  for  Feb.  9,  1988. 
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The  ice  concentration  of  each  training  area 
were  calculated  from  VTIR  visible  data  using 
fomuiad).  Fig.  10  shows  the  relationship 
between  the  MSR  brightness  temperature  and 
the  ice  concentration  derived  from  the  VTIR 
data.  The  relation  between  brightness 
temperature  and  ice  concentration  became  more 
linear  compared  with  the  airborne  data.  This 
tendency  can  be  explained  as  follows. 

Compared  with  airborne  MSR,  MOS-1  MSR  has 
much  lower  resolution,  it  is  obvious  that 
thin  Ice  floes  with  the  size  of  MOS-1  MSR 
footprint  (23Km)  can  hardly  exist. 
Accordingly,  intermediate  brightness 
temperature  of  MOS-1  MSR  may  represent  the 
grade  of  ice  concentration. 

This  result  suggests  the  capability  of 
estimating  ice  concentration  from  MOS-1  MSR 
data. 


Fig.  9  Training  area  overlaid  on  MOS-1  VTIR 
visible  image  of  the  Okhotsk  Sea  for  Feb.  9, 
1988. 


4.  Conclusion 

The  airborne  and  the  MOS-1  MSR  data  were 
analyzed  to  evaluate  the  capability  of  MSR 
for  sea  ice  monitoring.  Ice  thickness  and  Ice 
concentration  of  the  test  sites  .were 
estimated  from  the  simultaneously  corrected 
VTIR  data  and  were  compared  with  MSR  data. 

The  airborne  MSR  brightness  temperature 
showed  a  good  linear  relationship  with  sea 
Ice  thickness.  More  than  30K  brightness 
temperature  difference  was  observed  between 
the  open  water  and  ice  floes.  The  tendency  of 
the  Increase  of  ice  concentration  with  the 
Increase  of  MSR  brightness  temperature  Is 
slightly  observed. 

As  for  the  MOS-1  MSR  data,  due  to  the  large 
footprint  size  of  the  MSR,  the  MSR 
brightness  temperature  showed  a  linear 
relation  with  the  sea  Ice  concentration 
estimated  by  the  VTIR.  Considering  the 
observation  ability  of  MOS-1  MSR  with  wide 
coverage,  through  cloud,  and  both  day  and 
night,  the  usefulness  of  MOS-1  MSR  for  sea 
ice  monitoring  is  promising. 
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Fig.  10  Relation  between  MOS-1  MSR  bright¬ 
ness  temperature  and  ice  concentration 
derived  from  MOS-1  VTIR  brightness  value.  The 
gain  and  offset  may  change  scene  by  scene. 
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ABSTRACT 

The  data  from  the  HOS-1  satellite  HESSR  sensor  were  processed  by  the  Canada 
Centre  for  Remote  Sensins  (OCRS)  for  three  scenes  in  Southern  Ontario 
which  are  being  evaluated  by  the  authors  for  several  land  applications, 
including  land  use,  agriculture  and  forestry.  The  image  data  are  geometrically 
corrected  to  map  coordinates  for  ease  of  comparison  and  combination 
with  the  Urge  amounts  of  data  from  other  sources  using  the  PCI  EASI/PACE 
image  processing  and  analysis  system.  Using  the  sane  system,  enhancements 
,  classification  and  other  analysis  techniques  are  applied. 

The  HESBR  data  are  examined  for  their  independent  usefulness,  as  well  at  for 
the  additional  ir.forsction  and  utility  of  the  data  when  combined  with 
information  obtained  from  other  satellite  and  airborne  sensors  as  well 
as  ground  observations. 
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ABSTRACT 

The  Euracs  database  has  been  set  up  In  response  to  a  need 
within  Europe  to  rationalize  research  Into  microwave  remote  sensing. 
This  database  Is  designed  to  store  the  radar  cross  section  and 
associated  data  of  ground  cover  at  microwave  frequencies.  Its 
development  and  Installation  have  been  commissioned  by  the  Institute  of 
Remote  Sensing  Applications  at  the  Joint  Research  Centre  (JRC),  Ispra 
Establishment  of  the  Commission  (or  European  Communities  and 
undertaken  by  Hunting  Technical  Services  and  GEC-MarconI  Research 
Centre. 

The  database  has  been  developed  as  a  facility  for  use  by 
researchers  Into  microwave  remote  sensing,  Initially  to  assist  research 
Into  a  range  of  activities  Including  backscatter  modelling,  alogorithm 
development  and  microwave  sensor  design.  In  the  long  term  Improved 
modelling  techniques  will  be  employed  within  the  database  to  enhace  the 
efficiency  of  data  analysis.  This  will  encourage  other  applications  such  as 
algorithm  development  for  microwave  product  simulation.  In  addition,  the 
database  can  be  used  to  assist  In  campaign  planning  and  training  In 
Image  processing. 

1.  INTRODUCTION 

The  European  radar  cross  section  database  (Euracs)  Is  a 
central  store  of  calibrated  and  validated  radar  cross  section  (res)  values 
and  associated  data.  It  covers  a  full  range  of  microwave  sensors  and 
platforms.  Euracs  Is  a  data  analysis  tool  permitting  access  to  both 
accumulated  data  and  a  range  of  applications  such  as  backscatter 
modelling,  sensor  design,  algorithm  development  and  Interpretation.  The 
background  to  the  development  of  Euracs  has  previously  been 
described  by  Churchill  and  Sieber  (1988),  however,  it  Is  worthwhile 
reiterating  the  overall  objectives.  The  database  must  be 

fully  quality  checked.  It  must  be  flexible  with  defined  limits  of  validity;  all 
parameters  present  must  be  defined.  The  database  must  be  able  to 
recreate  experiments  from  sensor  to  ground  parameters,  this  Implies  the 
ability  to  hold  data  from  various  sources.  Finally  the  database  must  be 
fast  and  easily  available. 

Euracs  has  been  developed  In  response  to  a  need  to  rationalise 
European  research  Into  microwave  remote  sensing.  It  will  summarise  the 
current  state  of  empirical  knowledge  and  facilitate  access  to 
accumulated  data.  As  a  result  of  the  introduction  of  approved  sampling 
and  ground  collection  methodologies,  as  well  as  res  measurement 
methodologies,  Euracs  will  lead  to  a  uniform  approach  to  microwave 
remote  sensing  programmes. 

Four  types  of  potential  Euracs  user  have  been  Identified  and 
Euracs  has  been  designed  to  satisfy  each  of  their  requirements.  The  res 
modeller  needs  to  evaluate  the  average  parameter  value  of  each  field  and 
the  variability  present  both  within  and  between  fields.  Basic  questions, , 
such  as  how  res  values  change  with  radar  sensor  parameters  and  crop ' 
parameters,  will  be  answered  empirically.  The  sensor  engineer  will  be 


able  to  extra 't  values  for  particular  ground  cover  types  and  thus  design  a 
sensor  most  suited  to  the  desired  application.  The  algorithm  developer 
may  utilise  the  application  demonstrators,  or  backscatter  models,  within 
the  database  to  facilitate  development  of  analysis  techniques.  Finally  the 
campaign  planner  can  access  Information  about  existing  campaigns  and 
methodologies  employed. 


2.  DATABASE  PARAMETERS 

The  development  of  Euracs,  as  originally  conceived  by  JRC, 
has  taken  about  3  years.  The  programme  of  development  began  with  the 
European  Agrisar  86  (JRC,  1986),  Agriscatt  87  (K'^S,  1988)  and  Agriscatt 
88  airborne  experiments.  In  which  res  data  were  collected  In  a 
coordinated  manner  using  standard  data  collection  methodologies. 
These  experiments  Identified  clear  definitions  for  the  parameters 
required,  the  data  collection  and  processing  methodologies,  the  quality 
assurance  procedures  and  data  integrity. 

The  data  currently  held  within  Euracs  are  mainly  based  on 
Information  collected  In  the  Agriscatt  87  campaign.  However  additional 
tables  have  been  constnjcted  to  enable  the  future  Inclusion  of  multi- 
polarization,  pollametric,  multi  frequency  and  iaboratory  data  and  data 
from  other  sensors. 

The  data  coiiected  and  stored  within  Euracs  can  be  grouped 
into  parameters  describing  the  target,  sigma  values  (res),  environment, 
data  quality.  Instruments  and  administrative  Information.  These 
parameters  or  attributes  are  grouped  together  to  form  entitles  or  tables. 

2.1  Target  parameters 

The  defined  target  parameters  (such  as  species,  crop  height 
and  phenology)  are  based  on  those  used  in  the  Agriscatt  87  dataset 
(HTS,  1988),  but  equally  applicable  to  a  range  of  spareboume,  airborne 
or  lab-bas^  experiments.  Data  were  collected,  using  these  definitloiis 
over  six  sorties  In  1987.  Hovr'  er  not  all  crops  are  of  the  same 
physiology,  and  so  not  all  the  specified  parameters  can  be  collected  for 
every  c.op.  In  such  cases  the  position  In  the  relevant  table  Is  filled  with  a 
NUU^  this  Implies  to  the  database  that  there  is  no  measurement. 
Subsequently  when  using  Euracs  these  values  are  non-existent,  and 
cannot  be  accessed  In  any  operation. 

The  database  logical  design  of  target  parameters  is  such  that 
the  most  frequently  changing,  le  'unstable',  parameters  are  contained 
within  the  tabie  '(^ROP_DES';  whereas  parameters  that  may  remain 
'stable'  throughout  the  yrar  are  contained  In  a  higher  order  entfty  or  table 
such  as  'CROPSUR'.  Such  separation  of  the  data  Into  tables  avoids  the 
need  for  duplicating  data  at  different  levels 

2.2  SInma  Parameters 

For  in-shu  crop  targets  each  field  Is  notionally  divided  Into 


997 


subfielus.  The  objective  of  this  Is  to  test  for  homogeneity  of  the  res  values 
across  a  field.  The  subfields  are  assumed  to  lie  at  a  minimum  distance 
from  the  field  edge.  This  minimum  distance  would  typically  be  given  by 
10  +  2R  meters,  where  R  Is  equal  to  the  minimum  of  the  ra  to  and 
azimuth  resolution. 

Database  records  for  the  entire  field  only  contain  subfields  with 
'good'  data.  For  example  with  a  goodness  of  fit  below  a  S%  threshold;  a 
field  yielding  such  results  Is  judged  as  being  homogeneous. 

There  Is  also  a  Eutacs  entity  for  laboratory  measurements  of 
res  targets.  For  multi-polarisation  data  there  Is  an  entity  which  enaUes 
the  storage  of  full  Muller  matrices,  mean  and  standard  deviation  and 
goodness  of  fit.  An  entity  lias  also  been  designed  for  accepting  ERS-1 
and  other  satellite-borne  data. 

2.3  Environment  Parameters 

These  are  contained  wKhln  a  single  entity  which  records 
precipitation,  cloud  cover,  sunlight  and  wind  parameters. 

For  each  measurement  there  are  stored  associated  quality 
tiarameters  detailing,  for  example,  spatial  and  radiometric  resolution,  the 
point  spread  function,  antenna  pointing  accuracy,  signal/nolse  ratio  and 
calibration  approval  for  each  Instmment.  These  parameters  enable  the 
user  to  determine  the  quality  of  the  output,  both  In  terms  of  the 
Information  obtained  and  to  ensure  that  the  output  Is  of  a  soeclfled 
quality. 

2.5  Instrument  Parameters 

The  parameters  stored  In  these  associated  entitles  are 
concerned  vrith  the  Instruments  and  platforms  deployed.  The  main 
recipient  of  this  Information  Is  expected  to  be  the  sensor  engineer.  There 
Is  also  an  associated  entity  PROCESSOR  which  gives  the  processing 
algorithms  used  to  convert  raw  data  to  res  values. 

2  6  Administrative  parameters 

The  parameters  associated  with  these  entitles  give  details 
about  which  organizations  collected  ground  data  and  res  data,  over 
various  sites.  They  also  give  details  of  the  sponsoring  agencies.  These 
data  are  mainly  of  Interest  to  campaign  planners. 

3.  DATABASE  MANAGEMENT  SYSTEM  AND  THE  LOGICAL  DESIGN 

The  data  contained  within  Euracs  are  managed  using  a 
'.tional  Database  Management  System  (RDBMS).  The  software 
.  ckage  chosen  to  perform  this  task  was  supplied  by  Sybase  Software 
Ltd.  Euracs  has  been  developed  on  a  SUN  4  Microsystems  computer 
running  the  UNIX  operating  system. 

There  are  numerous  advantages  to  using  the  relational  model 
for  data  storage.  The  software  allows  easy  access  to  the  data  by  means 
of  the  SQL  (Structured  Query  Language)  intreface,  or  by  user  friendly 
forms  that  are  Interactively  filled  In  on  the  computer  display  screen.  The 
system  also  enables  the  use  of  data  via  networks.  A  further  advantage  is 
the  ability  to  have  automatic  bullt-ln  checks  on  the  Integrity  and  quality  of 
the  data. 

The  database  consists  of  a  number  of  tables  or  entitles  each 
with  their  own  list' of  attributes  or  headings.  The  choice  of  parameters 
(attributes)  associated  with  each  entity  has  already  been  discussed.  The 
rinsign  of  the  slnicture  of  the.so  tables  has  been  made  to  satisfy  the 
criteria  of  the  third  normal  form  (Hove).The  advantages  of  this  structure 
are  that  It  avoids  data  redundancy  and  the  design  can  readily  be 
expanded  to  accept  new  attributes  arid  new  tables. 

In  P  jure  1,  The  Logical  Data  Model,  the  entitles  or  tables  and 
possible  relationships  generated  for  the  data  within  Euracs  are  indicated. 
The  relationships  in  the  logical  model  are  shown  in  a  top  down  format. 
Along  the  top,  of  this  diagram  the  highest  order  entitles  are  shown.  These 
contain  attributes  common  to  all  entitles  directly  below  them.  A  table  with 


a  double  arrow  pointing  to  it  Is  considered  to  be  below  the  table  from 
which  the  line  emanates.  A  line  with  single  arrows  shows  equivalent 
associated  data.  Therefore,  each  parameter  has  a  primary  table,  l.e  that 
In  which  It  first  appears.  Any  Information  contained  In  a  higher  order 
entity  must,  by  definition,  be  common  to  the  entitles  below  K,  hence 
avoiding  the  need  for  data  repetition.  This  stnicture  also  maintains  data 
integrity.  In  that  any  row  within  an  entity.  In  order  not  to  be  removed  from 
Euracs,  must  have  all  the  associated  rows  above  It  also  present  within 
t}ie  database. 

Each  table  within  Euracs  has  a  set  of  Identifying  attributes 
(parameters)  with  the  following  properties;-  (a)  each  non-ldentifying 
attribute  Is  dependent  on  all  Identifying  attributes  and  (b)  each  non- 
Identifying  attribute  Is  not  dependent  on  another  non-ldentifying  attribute. 
The  Identifying  attributes  or  parameters  uniquely  Identify  the  row  wKhln 
the  entity.  To  achieve  this  existing  tables  are  divided  Into  new  tables  and 
attributes  are  moved  between  tables. 

4.  DATA  QUALITY  AND  INTEGRITY 

Data  Integrity  Is  maintained  by  having  a  three  level  table 
stmeture  to  the  database.  The  primary  tables  are  the  'real'  quality 
checked  and  assured  tables.  These  tables  contain  parameters  which 
have  all  their  associated  parameters  present  In  associated  tables.  Each 
res  value  has  Its  associated  target  parameters  contained  In  the  database. 

The  second  primary  table  type  Is  the  intermediate  table.  An 
intermediate  table  Is  one  whose  quality  and  value  Is  assured.  However, 
associated  parameters  might  not  yet  be  present,  thus  the  measurement 
Is  not  valid  for  all  possible  applications.  Both  these  tables  can  be 
accessed  by  a  user  and  the  user  will  be  aware  of  which  type  of  table  he  Is 
obtaining  data  from. 

There  also  exist  temporary  tables.  These  are  Invisible  to  the 
user  and  contain  data  which  have  failed  quality  assurance  measures  In 
some  respect.  These  data  are  placed  In  a  temporary  table  for  futher 
Investigation.  From  the  temporary  table  the  parameter  values  are  either 
rejected  or  corrected  and  placed  Into  Intermediate  tables,  pending 
dataset  completion. 

As  a  result  of  the  presence  of  an  entity  relationship  diagram 
within  Euracs,  data  Integrity  Is  further  maintained;  because,  no  row  can 
remain  in  the  real  tables  unless  all  higher  order  rows  are  also  present. 
This  'cascade  delete'  tuns  constantly.  It  also  ensures  data  are  entered  In 
a  logical  manner. 

Data  input  to  the  database  are  subject  to  various  quality 
checks.  Data  are  automatically  checked  to  ensure  that  each  parameter 
falls  within  a  pennltted  range  (jf  values  or,  If  of  a  character  datatype,  that 
It  Is  one  of  the  permitted  values.  The  automatic  check  also  compares  the 
units  of  measurement  used  and  converts  them  If  necessary  to  a  Euracs 
starti!^.  Other  automatic  checks  will  Include  a  double  row  check,  to 
ensure  rows  of  data  In  large  files  are  not  duplicated. 

It  is  also  envisaged  In  the  future  that  automatic  relational 
checks  will  be  performed.  These  may  consider  relations  not  only  within 
tables  but  also  between  tables.  Relations  such  as  permissable  crop 
height  or  phenology,  given  sowing  date  and  weather  conditions,  or  field 
reference  given  sitename  will  be  considered. 

There  Is  also  a  manual  data  Integrity  check,  which  Is  a  check 
that  measurement  methodologies  are  consistent  with  Euracs  standards. 
This  also  Includes  Literpolatlon  methodologies  and  parameter 
compatibility.  This  check  will  also  decide  on  the  logical  definition  of  any 
new  parameters  or  entitles  that  may  be  added  to  the  database. 

5.  USING  EURACS 

The  data  obtained  from  Euracs  are  In  an  alphanumeric  form, 
with  associated  summary  statistics  if  required.  It  Is  Interided  that  at  a  later 
date  graphics  and  statistics  packages  will  be  added,  enabling  three  types 
of  user  output.  Euracs  output  Is  given  as  rows  of  data  In  specified 
columns  derived  from  user  specified  tables,  joined  In  a  user  specified 
way  with  user  specified  conditions  attatched.  Euracs  Is  designed  as  a 
read  only  database  for  users. 
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E 1  User  Interface 

The  RDBMS  provides  several  user  Interfaces.  The  most  basic  of 
these  Is  the  Structured  Query  Language  (SQL)  which  can  directly  access 
the  database.  This  method  of  query  Is  extremely  flexible.  It  does, 
however,  require  user  knowledge  of  SQL 

A  less  fle.'ibie  but  more  user  friendly  query  Interface  is  by  what 
Is  termed  'stored  procedure'.  Stored  procedures  contain  SQL  statements 
but  they  have  unspecified  values  for  the  parameters  In  the  conditions 
clause.  Input  parameters  have  been  declared  In  the  procedure  as 
variables  that  can  be  specif'cd  by  the  user  as  required.  If  they  are  not 
specified  then  a  wildcrr'd  is  placed  in  the  SQL  statement  and  no 
restrictions  are  applied.  It  Is  also  possible  to  join  tables  to  themselves 
and  thus  to  compare,  for  example,  horl2ontal  and  vertical  polarisations 
for  the  same  conditions 

The  RDBMS  also  provides  an  Interface  based  on  forms.  The 
database  presents  forms  on  which  the  user  fills  In  the  'blanks'.  The  form 
contains  predetermined  parameters  as  Indicated  In  the  sample  form 
(Figure  2).  The  form  is  more  user  friendly  than  a  stored  procedure  as  it 
also  has  a  help  facility  for  filling  out  the  form.  As  parameters  are  filled  In, 
the  form  logic  will  eliminate  Impossible  parameters.  There  exists  a  forms 
hlerachy  whereby  supplementary  forms  can  be  called  upon  and  further 
limiting  parameters  entered. 

S.2  Pronrammlno  Lannuace  Interface 

Modelling  backscatter  requires  access  to  the  database  from  a 
language  such  as  C  or  Fortran.  An  application  demonstrator  has  been 
written  In  C;  this  is  a  theoretical  model  for  the  variation  of  res  with  crop 
height  and  Incidence  angle.  This  model  can  be  used  to  predict  res  values 
with  different  conditions.  The  demonstrator  Is  designed  to  show  how  data 
In  the  datbase  can  be  accessed  In  a  useful  manner,  to  solve  a  real 
problem.  The  Interface  to  C  can  also  be  used  to  build  other  data  models. 

5  3  Networking 

Euracs  can  be  accessed  by  both  local  and  remote  links.  It  Is 
successfully  accessed  by  a  Vax.  Once  a  user  has  logged  Into  the  SUN  by 
whichever  link,  he  can  use  any  sofware  package  present  in  the  SUN.  The 
SQL  and  stored  procedure  statements  have  successfully  been  sent  to 
Euracs  using  an  X25  modem  over  the  public  packet  switched  data 
network.  This  was  achieved  by  logging  Into  the  SUN  running  the  DBMS 
remotely  from  an  IBM  PC/AT.  The  only  condition  for  the  communication 
software  and  terminal  is  that  it  can  emulate  a  VT100  terminal.  It  Is  also 
envisaged  that  users  will  be  able  to  access  the  database  using  there  own 
compatible  dbms  software. 

6.  FUTURE  WORK 

At  present  the  database  contains  about  6Mb  of  data  from  the 
AGRISCATT  87  campaign;  this  represents  res  values  collected  using  a 
scatterometer  over  61  fields  in  5  European  sites,  together  with  associated 
ground  data.  In  the  future  Euracs  will  hold  multi-polarization  SAR  data 
and  laboratory  data.  Improvements  In  quality  checking  and  the  user 
Interface  will  also  be  undertaken.  It  is  also  intended  to  expand  the  scope 
of  Euracs  by  Including  data  from  different  target  types,  such  as  forests. 
Ice  and  snow 

7.  SUMMARY 

Euracs  has  been  Implemented  at  JRC,  the  validation  phase  Is 
now  in  progress  and  Euracs  will  be  available  to  users  In  the  near  future 
on  a  read  only  basis;  together  with  full  user  documentation,  although 
Euracs  will  be  constantly  updated  and  extended. 

Database  tables  have  been  devised  that  provide  the  framework 
for  accepting  res  data  from  a  number  of  different  Instrument  types. 
Quality  procedures  have  been  constructed  to  ensure  that  res  data 
entered  are  correctly  calibrated  and  that  ground  data  are  collected  to  a 
uniform  standard.  Cdumns  can  also  be  added  to  the  tables  If  additional 
parameters  are  to  be  stored. 


User  access  Is  designed  to  be  flexible  and  friendly,  either  on 
line  from  the  screen  or  through  a  computer  program.  Data  Integrity 
measures  are  such  that  a  user  can  have  a  100  per  cent  guarantee  of  valid 
data  from  real  tables,  and  at  worst  quality  assured  data  from  Intermediate 
tables 

The  Euracs  database  will  provide  a  valuable  source  of  data  for 
users  wishing  to  understand  the  interaction  of  microwaves  with  ground 
cover. 
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Abstract  -  Digital  simulation  of  the  terrain  seen  by 
airborne  imaging  radars  is  presented  as  a  method  of 
evaluating  these  imaging  radars  during  simulated 
flights.  Terrain  simulated  includes  vegetation, 
oceans,  Arctic  sea-ice,  geological  and  man-made  struc¬ 
tures,  fresh  water  bodies,  and  glacial  snow  or  ice. 
Each  category  has  a  target  signature  given  by  its 
radar  backscatter  cross  section. 

Computer  programs  of  backscatter  cross  sections 
are  found  in  a  terrain  reference  file.  Actual  seg¬ 
ments  of  terrain  are  simulated  by  reference  to  the 
file  in  the  radar  computer  data  bank.  During  the 
flight,  the  radar  compares  its  reception  with  terrain 
signatures  in  its  data  bank  like  a  road  map  in  a  car. 

Key  Words  -  Backscatter,  Terrain,  Simulation,  Digital 

INTRODUCTION 

One  area  of  radar  simulation  studies  is  the  digi¬ 
tal  simulrtion  of  the  terrain  seen  by  a  missile  or 
aircraft  radar  during  its  simulated  flight.  Terrain 
simulated  includes  vegetation,  sea-ice,  glacial  ice,, 
geological  structures  ,  man-made  structures,  and  fresh 
water  bodies.  Each  terrain  category  Is  described  by 
its  radar  backscatter  cross  section,  which  has  a  tar¬ 
get  signature  associated  with  that  category.  Computer 
programs  of  backscatter  cross  sections  are  formed  in  a 
reference  file  so  that  an  actual  segment  of  terrain 
can  be  similated  by  reference  to  the  terrain  reference 
file.  A  related  application  is  the  inclusion  of  a 
terrain  reference  file  in  an  aircraft  or  missile  com¬ 
puter  data  bank.  During  the  flight  phase,  the  air¬ 
craft  or  missile  can  compare  its  radar  reception  with 
the  terrain  signatures  in  its  computer  data  bank  simi¬ 
lar  to  using  a  road  map  on  an  automobile  trip. 

BACXSCATTIRINa  CROSS  SIOTIONS  OF  TIRRAIN 

Terrain  backscattering  cross  sections  appear  in 
CAPITAL  LETTERS.  Variables  appear  within  (PAREN¬ 
THESES)  PROGRAM  SIGTERRA  is  a  library  for  terrain 
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different  categories  of  terrain  such  as  vegetation, 
oceans,  Arctic  sea-ice,  man-made  structures,  geologi¬ 
cal  structures,  fresh  water  bodies,  and  glacial  snow 
or  ice.  Backscatter  coefficients  (SIQTV)  vary  with 
the  angle  of  incidence  (THETA)  of  the  radar  signal  and 
the  terrain,  frequency  fFREQQ) ,  polarization  of  the 
backscattered  signal  with  respect  to  the  source  signal 
(POLAR),  and  the  terrain  itself  (TERRA). 


SUBROUTINE  OCEAN  computes  backscatter  coeffi¬ 
cients  for  sea  states  (STA)  and  wind  directions  on 
oceans.  Sea  states  [2]  indicate  ocean  wave  rough¬ 
ness.  A  calm,  mirror-like  surface  with  no  waves  is 
sea  state  'one.'  As  ocean  waves  begin  to  develop  from 
winds  and  tidal  actions,  sea  states  increase  to  higher 
numbers.  Sea  state  'seven'  is  a  very  rough  surface, 
where  high  waves  are  developed  from  high  wind  speeds. 
Storms  and  wind  directions  can  be  observed  with  the 
radar  backscatter  from  ocean  waves.  High  rough  waves 
have  larger  backscatter  coefficients,  while  low  gentle 
waves  have  very  small  backscatter  coefficients.  Wind 
direction  for  a  given  wind  speed  is  determined  from 
the  different  radar  cross  section  seen  when  it  looks 
downwind,  crosswind,  or  upwind  at  the  waves  (SEA). 

SUBROUTINE  LAKES  computes  backscatter  coeffi¬ 
cients  for  fresh  water  bodies  (WATER).  This  terrain 
includes  lakes,  rivers,  canals,  reservoirs,  marshes, 
and  swampland.  Large  lakes  and  the  Great  Lakes  (Lakes 
Erie,  Michigan,  Huron,  Ontario,  and  Huron)  have  high 
waves  similar  to  and  sometimes  higher  than  those  on 
oceans  during  storms.  Sea  state  roughness  levels 
(STA)  during  storms  over  oceans  are  often  exceeded  by 
wave  heights  found  in  intense  vtorms  in  the  Great 
Lakes.  The  scattering  coefficients  for  these  water 
bodies  may  be  larger  than  those  for  oceans.  The 
remaining  water  bodies  have  relatively  smooth  sur¬ 
faces,  so  that  radar  images  indicate  negligible  sur¬ 
face  roughness.  The  backscattered  signals  for  these 
surfaces  are  predominantly  specular,  following  Snell's 
Law  of  Reflection. 

Related  to  ocean  and  fresh  water  body  terrain  are 
Arcolc  sea-ice  and  fresh  water  lake  ice.  SUBROUTINE 
SALICE  includes  scattering  coefficients  from  different 
forms  of  Arctic  sea-ice  (ICE).  This  ice  is  known  as 
'Arctic  sea'  ice  because  of  its  formation  and  presence 
in  the  Arctic  Ocean.  Sea-ice  is  encountered  in  other 
salt  water  bodies  where  conditions  are  similar  to 
those  in  the  Arctic  Ocean.  From  a  remote  sensing 
aspect,  much  radar  and  IR  imaging  data  [3]-(A]  were 
collected  in  the  Arctic  Ocean  because  of  economic  and 
strategic  inturescs.  When  sea-ice  is  less  ihan  a  year 
old,  it  is  known  as  'winter  ice.'  When  it  is  more 
than  a  year  old,  it  becomes  'old  ice'  or  'polar  ice.' 
Polar  ice  is  rougher  than  winter  ice  because  it  has 
broken  several  times,  piled  in  ridges,  and  joins  other 
polar  ice  in  'pack  ice.'  Polar  ice  also  has  a  lower 
brine,  or  salt  water  content  than  winter  ice,  and  the 
distribution  of  brine  in  brine  pockets  introduces 
internal  scattering.  This  brine  pocket  distribution 
and  the  surface  roughness  of  sea-ice  alters  the  scat- 
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tering  coelficlents  so  that  sea-ice  toms  and  depths 
nay  be  Identified  [5]. 

Fresh  water  ice  forns  are  sound  in  SUBROUTINE 
SNOW,  Fresh  water  ice  (OLA)  is  formed  in  precipita¬ 
tion  as  snow,  hail,  and  sleet.  It  is  formed  in  gla¬ 
ciers,  snowfields,  fallen  snow,  and  icebergs.  In  gla¬ 
cial  ice  and  in  snowfields,  internal  scattering  from 
dielectric  ice  spheres  [61  may  actually  indicate  much 
larger  scattering  coefficients  than  those  due  to  sur¬ 
face  roughness  alone.  This  phenomena  occurs  because 
of  focusing  of  incident  waves  upon  the  dielectric 
spheres.  Although  fresh  water  lake  ice  is  formed  in 
the  water,  it  is  included  in  this  terrain  category 
because  of  its  physical  features.  During  the  spring, 
lake  ice  breaks  up  and  form  ridges  similar  to  those  of 
sea-ice.  Radar  images  have  been  made  in  the  Great 
Lakes  and  in  Finnish  rivers  17]  for  ice  distribution. 
Imaging  studies  [S]  enables  ice  breakers  to  keep  the 
Great  Lakes  open  for  longer  periods  during  the  year. 
Icebergs  are  a  form  of  fresh  water  ice  because  of 
their  formation  in  coastal  terminating  glaciers. 
Detection  of  icebergs  is  an  important  application  in 
remote  sensing  over  the  North  Atlantic  Ocean. 

Scattering  coefficients  for  geological  structures 
appear  in  SUBROUTINE  ROCKS.  These  terrain  classes  (81 
includes  variations  in  geological  structural  features. 
It  includes  bare  soil,  sand,  lava  beds,  hills,  moun¬ 
tains,  valleys,  rocks,  boulders,  tundra,  permafrost, 
clay,  and  similar  terrain  (GEO). 

SUBROUTINE  VEGET  describes  all  forms  of  vegeta¬ 
tion.  It  tncl  ies  scattering  coefficients  for  prai¬ 
ries,  grasslanus,  bushes,  shrubs  or  flower  cover,  tree 
cover  or  forest,  and  agricultural  crops  (VEG) .  Fur¬ 
ther  categorization  introduces  orchards,  deciduous 
trees,  and  evergreen  trees.  Agricultural  crops  have 
categories  based  on  plant  size,  leaf  size  and  distri¬ 
bution  C9],  stem  and  branch  shapes  [10],  moisture 
content  and  its  distribution  in  vegetation,  and  fruit 
characteristics.  In  addition  to  apples,  oranges,  and 
berries,  fruit  includes  pea  pods,  cucumbers,  grains  of 
wheat,  and  similar  varieties.  'Radar  signatures'  of 
agricultural  crops  identify  different  plants  in  the 
form  of  radar  signatures  (11]-(12]  with  frequency, 
polarization  (POLAR),  and  angle  of  incidence  (THETA). 

The  last  category  is  all  man-made  terrain  in 
SUBROUTINE  STRUCT.  Some  of  the  man-made  structures 
are  houses,  buildings,  roads  or  highways,  railroad 
tracks,  airfields  or  runways,  aircraft  hangars  or  farm 
buildings,  railroad  tracks,  telephone  lines,  power 
lines,  ships,  boats,  barges,  bridges,  automobiles, 
trucks,  buses,  and  trains. 

PROGRAM  SIGTERRA,  file  name  SIGMATERRAIK,  re¬ 
ceives  input  data  (TERRA)  to  indicate  vegetation  with 
T,  oceans  with  '2',  sea-ice  with  '3',  glacial  snow 
with  '4',  geological  structures  with  'S',  man-made 
structures  with  '6',  and  fresh  water  bodies  with  '7'. 
After  the  terrain  'number'  is  read  as  TERRA,  the 
vegetation  category  (VEGETA) ,  the  radar  direction  with 
respect  to  wind  direction  (radar  looks  to  wind  direc¬ 
tion  and  at  the  ocean  downwind,  upwind,  or  crosswind) 
and  sea  state  (OCEANS) ,  form  of  sea  ice  (SEAICE) ,  form 
of  glacial  snow  or  ice  (GLASNO) ,  geological  structure 
(GEOLOG) ,  man-made  structures  (MANMAD) ,  or  fresh  water 
bodies  (WATER)  are  read  in  character  format.  The 
frequency  of  the  incident  wave  (FRE(}G)  in  Gigahertz 
(GHz)  is  then  read.  Polarization  (POLAR)  is  next  read 
as  'll'  when  both  incident  and  backscattered  waves  are 
horizontally  polarized,  or  HH.  It  is  '22'  when  both 
waves  are  vertically  polarized,  or  VV.  '12'  describes 


horizontally  polarized  incident  waves  and  vertically 
polarized  backscattered  waves,  or  HV.  '21'  describes 
vertically  polarized  incident  waves  and  horizontally 
polarized  backscattered  waves,  or  VH.  Right  circular 
polarization  of  the  incident  wave,  or  RC,  is  '10', 
while  left  circular  polarization  of  the  incident  wave, 
or  LC,  is  '20'.  The  last  variable  read  is  the  angle 
of  incidence  (THETA)  of  the  radar  wave  as  it  reaches 
the  terrain  (in  degrees)  . 

Based  on  TERRA,  a  terrain  subroutine  is  called. 

As  described  above,  it  will  be  VEGET,  OCEAN,  SALICE, 
SNOW,  STRUCT,  or  LAKES.  This  subroutine  opens  a  file 
(TERRA.DAT)  to  compute  the  scattering  coefficient  for 
a  given  frequency  (FREQG) ,  angle  of  incidence  (THETA) , 
polarization  (POLAR),  and  terrain.  It  also  calls 
SUBROUTINE  INTERP.  Those  variables  are  obtained 
from  experimental  measurements  and  analytical  models. 

INTERP  computes  the  backscattering  coefficient 
(SIGFTV)  by  interpolation  between  frequencies 
(FRINT(I))  and  incremental  angles  of  incidence  (J) . 
Sets  of  backscattering  coefficient  versus  theta  curves 
are  computed  for  frequencies  of  5,  10,  15,  20,  25,  and 
30  GHz.  Theta  increments  are  0,  5,  10,  15,  20,  and  25 
degrees.  The  interpolation  between  theta  increments 
is  initially  made  to  obtain  SIGTVd , POLAR, TERRA)  and 
S10TV(I*1,P0LAR,TERRA) .  The  second  interpolation 
between  frequency  Increments  is  then  made  to  obtain 
SIGFTSV(POLAR, TERRA) . 

Examples  of  backscattering  cross  section  computa¬ 
tions  appear  in  Fig.  1,  backscattering  coefficients 
for  sea  state  five  and  radar  looking  downwind,  in  Fig. 
2,  backscattering  coefficients  lor  sea  state  seven  and 
radar  looking  crosswind,  and  in  Fig  3,  backscattering 
coefficients  for  vegetation  in  the  form  of  wheat- 
fields. 

Several  sources  are  [12]-(14]  used  for  scattering 
coefficient  (SIGMA)  versus  angle  of  incidence  (THETA) 
curves.  In  addition  to  ‘Terrain  Scattering  Properties 
for  Sensor  System  Design'  [12],  there  are  other 
excellent  handbooks  [15]  and  references  on  remote 
sensing  [16]-[18]. 
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«  BACKSCATTERING  COEFFICIENT  FOR  DIFFERENT  SEA  STATES  AND  LOOKING  DOWNWIND.  OR 

«  RADAR  LOOKS  IN  THE  DOWNWIND  DIRECTION  WITH  SEA  STATE  FIVE 

»  BACKSCATTERING  CROSS  SECTION  SIGMA  VERSUS  THETA  FOR  SEA  STATE  FIVE 
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Figure  1.  Backscatterlng  Coefficients  lor  Sea  Sta*e  Five  and  Radar  Looking  Downwind. 
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«  BACKSCATTERING  COEFFICIENT  FOR  DIFFERENT  SEA  STATES  AND  LOOKING  CROSSWIND.  OR 
»  • 

»  RADAR  LOOKS  IN  THE  CROSS  WIND  DIRECTION  WITH  SEA  STATE  SEVEN 

*  « 

»  BACKSCATTERING  CROSS  SECTION  SIGMA  VERSUS  THETA  FOR  SEA  STATE  SEVEN 
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Figure  2.  Backscattering  Coefficients  for  Sea  State  Seven  and  Radar  Looking  Crosswind. 
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Figure  3.  Backscattering  Coefficients  for  Vegetation  in  the  Form  of  Wheatfields. 
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Abstract 

The  German  Aerospace  Research  Establishment  (DFVLR)  is  currently  proceeding  in  the 
development  of  the  knowledge-based  Intelligent  SAR  processor,  ISAR,  which  will  be  used 
for  high  throughput  and  high  precision  routine  processing  of  synthetic  aperture  radar 
image  data  from  ERS-1  and  X-SAR,  being  launched  in  1990  and  1991  respectively. 

The  ISAR  development  is  a  challenging  task,  covering  all  aspects  of  a  complex  software 
package,  which  is  distributed  over  several  hardware  systems  and  thus,  is  tackled  using 
modern  software-engineering  methods. 

The  software  design  method,  which  has  been  chosen  for  the  ISAR  development,  is  the 
object  oriented  development.  This  design  method  has  been  applied  to  the  development  of 
a  software  based  SAR  raw  data  simulator,  which  is  used  first  of  all  with  respect  to 
performance  and  engineering  tests  on  the  ISAR  processor.  Secondly,  the  simulator  is  used 
as  a  test  instrument  for  applying  modern  software  engineering  standards,  aiming  at  the 
elaboration  of  a  method  for  accessing  object  oriented  design,  as  well  as  tracing  out  the 
advantages  in  applying  such  a  method. 

The  paper  presents  the  project  experiences  in  developing  software,  starting  with  system 
requirements,  then  functional  decomposition  and  finally  derivation  of  objects.  This  results 
in  a  modular  software  structure  to  be  implemented  in  Ada.  Particular  consideration  is 
given  to  the  man-machine-interface. 

Keywords;  Object  oriented  softv/are  design,  Ada,  man-machine-interface, 

SAR  raw  data  simulation,  ERS-1,  X-SAR 
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NOISE  MODELING  AND  ESTIMATION  OF  REMOTELY-SENSED  IMAGES 


<J.  S.  Lee  and  K.  Hoppel 

Naval  Research  Laboracory,  Washington,  V.C.  20375-5000 


ABSTRACT 

A  noise  model  is  defined  for  remotely  sensed 
images,  and  the  noise  statistics  are  estimated  by 
using  the  means  and  variances  from  small  (4xA  or  8x8) 
image  blocks.  Since  most  images  contain  many  small 
but  homogeneous  areas,  a  scatter  plot  of  variance  vs 
(mean)’  reveals  characteristics  of  the  noise.  The 
Hough  transform  is  then  applied  to  the  scatter  plot  to 
detect  a  straight  line  through  the  major  cluster  of 
data  points.  This  defines  the  image  noise  statistics. 
Images  from  SAR,  Landsat  TM,  and  passive  microwave 
sensors  are  used  for  illustration. 

Keywords'  noise  modeling,  SAR  speckles,  speckle 
statistics,  noise  filtering. 

I .  INTRODUCTION 

Signal  and  noise  modeling  and  filtering  have 
always  been  important  topics  in  digital  signal 
processing.  The  signal  is  normally  modeled  as  a 
random  process  which  can  be  expressed  as  linear 
differencial  and  difference  equations  driven  by  white 
nolso[l|.  The  signal  process  can  generally  be 
Identified  by  using  auto-correlation  techniques,  time 
series  analysis,  or  Fourier  transform  techniques  [IJ. 
The  signal  modeling  of  a  digital  image,  however,  is 
difficult  due  to  the  spatially-variant  nature  of  the 
image.  In  this  paper,  we  focus  on  modelling  only  Che 
image  noise  without  attempting  to  model  the  signal. 

Noise  appearing  in  remotely-sensed  images  makes 
image  segmentation  and  computer  scene  description 
difficult.  Noise  filtering  is  commonly  performed 
before  further  processing.  Filtering  noise 
effectively  while  retaining  image  quality  requires  a 
precisely-defined  noise  model  Early  papers  on  noise 
filtering  assumed  without  justification  that  the  noise 
is  additive  (2).  Recently,  a  multiplicative  noise 
model  was  developed  for  SAR  images  (3).  The 
multiplicative  noise  variance  in  SAR  images  depends  on 
Che  number  of  looks  used  in  the  SAR  nrocesslng.  For 
both  additive  and  multiplicative  noise,  the  most 
frequently  used  method  for  estimating  the  noise 
parameters  is  to  calculate  statistics  from  homogeneous 
and  featureless  image  areas  located  visually  by  the 
operator.  In  images  containing  rich  detail,  the 
absence  of  large  homogeneous  areas  complicates  the 
processes.  A  procedure  is  therefore  presented  which 
automatically  models  the  image  noise,  and  computes  the 
noise  parameters  and  distributions. 


Based  on  the  observation  that  most  remotely 
sensed  images  contain  many  small  homogeneous  areas 
distributed  over  the  entire  image,  the  following 
algorithm  is  developed: 

(1)  The  entire  image  is  divided  into  small  8x8  or 
4x4  blocks.  The  mean  and  variance  are  computed  for 
each  block. 

(2)  A  scatter  plot  of  the  variance  versus  (mean)’ 
reveals  the  characteristics  of  the  noise.  If  the 
noise  is  additive,  a  large  number  of  samples  will 
cluster  along  a  line  of  constant  variance.  If  the 
noise  is  multiplicative,  they  will  cluster  along  a 
sloped  line  through  the  orgln.  Some  Images  may 
contain  both  additive  and  multiplicative  noise.  The 
later  can  bo  gray  level  dependent.  Blocks  that  are 
not  homogeneous  but  which  contain  features  (edges) 
will  be  sparsely  scattered  in  the  scatter  plot  with  a 
higher  value  of  variance. 

(3)  If  two  or  more  clusters  are  present  in  the 
scatter  plot,  they  could  be  separated  by  gray  level 
thresholding  from  the  histogram. 

(4,/  To  detect  a  straight  line  through  the  center 
axis  of  a  cluster  while  Ignoring  outlying  edge  blocks, 
the  Hough  transformation  [2j  is  applied  to  each 
cluster. 

(5)  Noise  distributions  are  obtained  with  pixels 
from  the  blocks  in  the  major  clusters. 

Images  from  Landsat  TM  (Thematic  Mapper),  SIR-B 
(Shuttle  Imaging  Radar  B) ,  and  passive  microwave 
radiometers  are  used  for  illustration. 

II.  LINEAR  NOISE  MODEL 

The  motivation  for  constructing  a  noise  model  is 
to  facilitate  the  noise  filtering  or  to  restore 
distorted  images  due  to  defocusing  or  motion  blurring, 
etc..  Commonly  assumed  linear  additive  noise  is 
described  by: 

z  -  X  (■  w  (1) 

7  v  ie  fb® 

free  pixel  level,  and  w  is  the  additive  noise  with 
zero  mean  and  standard  deviation  (S.D.),  Studies 

of  SAR  image  speckle  no'  e  (3)  have  revealed  a 
multiplicative  noise  form  described  by: 

z  -  X  V  (2) 

where  v  is  the  multiplicative  noise  with  unity  mean 
and  S.D.  Oy  The  Oy  dapends  on  the  number  of  looks 
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used  in  the  SAR  processing  and  on  whether  the  gray 
level  represents  the  signal  amplitude  or  intensity. 
For  a  1-look  amplitude  SAR  image,  Oy  “  0.5227  and  for 
a  A-look  amplitude  image,  Oy  -  0.26.  The  algorithm 
developed  here  can  be  used  Co  verify  the  type  of 
processing  used  for  a  SAR  image.  When  image 

enhancements  have  been  performed,  the  noise 
characteristics  are  usually  altered. 

The  general  model  proposed  in  this  paper  allows 
for  both  additive  and  multiplicative  noise,  described 
by: 

z-xv+w  (3) 

where  x,  v,  and  w  are  statistically  independent.  From 
a  small  homogeneous  block  the  mean  z  and  variance  var 
<z)  can  be  calculated  by: 

z  -  X  (4) 

and  var(z)  -  a’  z  ‘  +  o‘  (5) 

The  linear  relation  between  var(z)  and  z‘  suggest  a 
straight  line  fit  in  the  scatter  plot  with  slope  a' 
and  intercept  al .  For  the  case  of  purely  additive  or 
purely  multiplicative  noise,  it  is  easier  and  more 
precise  to  use  a  scatter  plot  of  the  standard 
deviation  versus  mean. 

III.  ESTIMATION  ALGORITHM  FOR  NOISE  STATISTICS 

A  commonly  used  method  for  estimating  al  and 
is  to  identify  large  homogeneous  imago  areas  and  use 
them  CO  calculate  the  noise  statistics.  The  problem 
with  this  method  is  char,  it  must  be  supervised,  the 
image  might  not  have  large  homogeneous  areas,  and  a 
large  number  of  areas  with  varying  means  are  nessecary 
to  define  a  linear  noise  model.  A  more  appropriate 
unsupervised  algorithm  is  to  calculate  var(z)  and  z 
from  small  blocks  Choughout  the  entire  image. 
Assuming  a  large  number  of  the  small  blocks  correspond 
CO  homogenous  areas,  a  scatter  plot  of  variance  versus 
(mean)’  should  reveal  a  primary  cluster.  Blocks  that 
contain  features  and  edges  will  have  a  hlger  variance 
and  be  sparsely  scattered  above  the  primary  cluster  in 
the  scatter  plot. 

In  order  to  fit  a  straight  line  to  the  main 
cluster  while  excluding  the  outlyers,  the  Hough 
transform  is  applied  to  the  scatter  plot.  The 
maximum  point  in  the  Hough  transform  corresponds  to 
the  line  passing  throuth  the  maximum  number  of 
samples.  A  1-look  amplitude  SAR  image  of  Albemarle 
Sound  N.C.  (1024x1024  pixels),  processed  using  8x8 
blocks  is  shown  in  Fig.  1(A).  The  corresponding 
scatter  plot  and  straight  line  fit  is  shown  in  Fig. 
1(B).  The  brightness  of  the  pixels  in  the  scatter 
plot  is  p  'oporcional  to  Che  number  of  samples  at  that 
position.  The  additive  noise  variance  from  the 
straight  line  model  is  very  small.  The  multiplicative 
noise  variance  Oy  is  0.249  (Oy-  0.5)  which  is  very 
close  to  the  theoretical  value  of  0.522  (3), 

indicating  the  multiplicative  nature  of  the  1-look 
SAR  image,  The  same  scene  using  4-look  amplitude 
processing  is  shuwi,  1,,  Fig.  2(A)  and  the  corresponding 
scatter  plot  in  Fig.  2(B).  The  straight  line  model 
gives  a  oi  -  0  and  Oy  -  0.0875  (Oy-  0.29)  only 
slightly  larger  then  the  theoretical  Oy  of  0.26. 

Errors  in  Che  estimated  Oy  could  be  contributed  to  by 
the  following  factors.  (1)  The  small  block  size 
creates  a  sampling  error;  (2)  In  order  Co  apply  a 


resonable  size  Hough  transform  the  scatter  plot 
(256’  by  256’)  is  quantized  into  cells.  The  large 
quantization  error  would  effect  the  accuracy  of  the 
Hough  transform.  This  error  is  reduced  if  the  scatter 
plot  of  standard  deviation  versus  mean  is  used 
(256  by  256),  but  combined  additive  and  multiplicative 
noise  would  not  cluster  along  a  line.  (3)  The  Hough 
transform  is  an  easy  way  to  achieve  the  straight  line 
fit  while  excluding  outlying  samples.  There  may  be 
more  accurate  ways  such  as  using  a  least  squares  fit 
to  the  samples  within  a  fixed  neighborhood  of  the  line 
identified  by  the  Hough  transform. 


(A)  One-look  SIR-B  IMAGE 
(Albemarle  Sound,  NC,) 


(B)  Scatter  plot  to  define  the 
noise  (multiplicative  noise 
are  detected) 


Fig.  1  Speckle  noise  is  defined 
as  multipliativc  noise  with 
S.D.=0.5  as  compared  with  the 
theoretical  value  of  0.5227. 
The  8x8  block  size  is  used. 
Each  unit  in  (B)  is  (64)’  . 


IV.  OTHER  EXAMPLES 

A  Landsat  TM  image  (band  4)  of  the  Washington 
D.C.  area  is  shown  in  Fig.  3(A).  The  noise  level  is 
low  (e,-  8)  and  has  the  charactistlcs  of  additive 
noise.  To  demonstrate  the  ettecLiveness  ot  the 
algorithm,  gaussian  additive  noise  with  Oy  -  30  is 
added  to  the  image.  Fig  3(C6<D).  The  linear  model 
gives  <7y  =:  0  and  oi  -  831  (»„-  28.8).  Theoretically, 
the  oi  should  be  964.  Possible  reasons  for  this 
discrepancy  were  given  in  section  III.  For  the 
purposes  of  noise  filtering  [3]  and  segmentation  [4), 
the  results  obtained  are  sufficiently  accurate. 
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(A)  Four-look  SIR-B  image 


(B)  Scatter  plot  of  (A) 


(A)  Landsat  TM-Band  4 
(Washington  D.C.) 


(C)  Noise  added  to  (A) 


(B)  Scatter  plot 


i 


(D)  Scatter  plot  shows  additive 
noise 


Fig.  2  Speckle  noise  is  defined 

as  multiplicative  noise  with  Fig.  3  Additive  noise  modeling  is  demonstrated  bjt 

S.D.  =  0.29  as  compared  with  the  simulating  an  additive  noise  image  (C)  with  noise 

theoretical  value  of  0.26.  The  S.D.  =  30. 

8x8  block  size  is  used.  Each 
unit  in  (B)  is  (64) ' . 


A  passive  microwave  image  and  noise  model  are 
shown  in  Fig  4(A).  The  noise  can  be  observed  to  be 
scan  line  noise  due  to  an  instumental  defect.  The 
scatter  plot,  Fig  4(B),  is  of  the  standard  deviation 
versus  mean  for  better  resolution.  Two  clusteis 
indicate  chat  two  classes  (land  and  water)  exist  in 
the  image  and  could  be  segmentated  by  a  threshold 
value  of  128  Although  a  noise  model  could  be 
estimated  for  each  class,  a  single  line  has  been 
fitted.  The  Noise  is  principally  additive  with 
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V  NOISE  DISTRIBUTION  ESTIMATION 

The  noise  probability  distribution  can  also  be 
estimated  This  is  done  by  choosing  a  small  box  on 
Che  line  detected  in  the  scatter  plot  (Fig. 5(A)), 
which  defines  a  range  of  (mean)'  and  variances.  All 
of  the  image  blocks  which  fall  into  that  range  are 
used  CO  coroouce  Che  histogram  or  distribution  of  image 
pixels.  This  method  is  illustrated  in  Fig.  5  using 
the  SAR  1-look  and  4 -look  Images  from  Fig.  1  and  2. 
The  histograms  (dots)  are  shown  along  with  the 
theoretical  distributions  [3]  (solid  curve).  The 
theoretical  distribution  £or  the  1-look  amplitude  is 
the  Rayleigh  distribution  and  for  the  4- look  amplitude 
image  it  is  a  Chi  distribution.  The  mean  value  used 


for  the  theoritical  distributions  is  the  mean  value  of 
all  the  pixels  used  in  the  histogram.  The  reasonably 
good  fits  substantiate  the  effectiveness  of  the 
algorithm  and  verify  the  theoretical  listrubutlons 


VI.  CONCLUSIONS  AND  DISCUSSION 

The  primary  reson  for  obtaining  noise 
characteristics  from  the  scatter  plot  is  for 
subsequent  use  ft.  image  filtering.  Nonlinear  image 
filtering  and  restoration  is  a  very  complicated 
process  and  yields  questionable  accuracy.  On  the 
other  hand,  the  sigma  filter  [5]  for  image  noise 
smoothing  based  on  the  present  model,  can  be  easily 
modified  for  a  nonlinear  noise  model.  Other 
algorithms  for  noise  smoothing  could  be  modified  to 
operate  in  a  piecewise  linear  fashion. 

The  noise  modeling  and  noise  statistics 
estimation  algorithm  developed  in  this  paper  work 
reasonably  well  for  images  corrupted  by  both  additive 
and  multiplicative  noise.  For  SAR  Images  in 
particular,  this  algorithm  can  be  used  to 
automatically  distinguish  between  single  and  multilook 
processing. 
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Fig.  4  Passive  microwave  image 
is  shown  in  (A) .  Two  clusters 
in  the  scatter  plot  as  shown  in 
(B)  indicates  the  separation  of 
land  and  water  pixels.  The 
additive  noise  id  detected  with 
S.  D.  =29.7. 
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(A)  Define  a  small  neighborhood 
as  shown  in  box 


/ 


I 


(B)  Histogram  and  p.d.f.  of 
1-look  SAR 


(C)  Histogram  and  p.d.f.  of 
4-look  SAR 


Fig.  5  Noise  probability 
density  function  (p.d.f.) 
estimation  of  SAR  amplitude 
images.  The  normalize  histogram 
is  shown  in  dots,  while  the 
Rayleigh  distribution  for  1-look 
SAR  and  Chi  distribution  for  4- 
look  SAR  are  in  solid  lines. 
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Abstract 

The  purpose  of  this  study  is  to  examine  the  dependence  of  the  radar 
backscattering  cocfTicicnt  on  terrain  geometry  for  a  rough  surface  at 
subpixcl  resolution.  Of  particular  interest  arc  the  variations  in  caused  by 
dilTcrcnt  angles  of  incidence  within  the  pixel  and  the  determination  of  the 
local  angle  of  incidence  for  a  pixel  when  the  topographic  features  change 
within  it.  The  effect  of  terrain  geometry  on  the  radar  backscattering 
coefficient  at  the  subpixcl  scale  is  evaluated  by  the  facet  model  under 
incoherent  summation.  Based  on  the  backscattering  coeflkients  simulated 
from  the  facet  model,  the  averaged  equivalent-angle  method  provides  a 
useful  way  to  determine  the  local  angle  of  incidence  for  the  pixel. 

Introduction 

In  radar  images  of  alpine  snow,  we  are  interested  in  the  relationships 
between  backscattering  coefficients  and  snowpack  parameters,  such  as 
density,  gram  size,  depth,  and  liquid  water  content.  The  backscattering 
coefficient  <r°  also  depends  on  the  local  angle  of  incidence,  which  is  usually 
assumed  to  be  the  same  for  ail  points  within  a  resolutton  cell,  i.e.  a  pixel.  In 
mountatnous  areas,  however,  topographic  features  often  change  within  a 
radar  image  pixel.  Since  a  rough  terrain  can  be  approximated  through  a 
senes  of  small  planar  facets,  each  tangential  to  the  actual  surface,  an 
illuminated  pixel  may  be  evaluated  as  the  combination  of  many  subpixcls, 
each  having  different  gradients.  The  availabiiity  of  a  high  resolution  Digital 
Elevation  Model  (DEM)  makes  it  possible  to  simulate  the  effect  of  terrain 
geometry  on  the  radar  backscattering  coefficient  for  a  random  rough  surface 
at  subpixel  resolution  (Figure  1). 

The  lest  samples  were  selected  from  a  DEM  with  S-m  resolution  and 
better  than  1  m  vcnical  accuracy  for  Emerald  Lake  in  Sequoia  National 
Park,  California  [1].  The  geometric  parameters  within  the  25-m  pixels  cover 
a  range  of  the  standard  deviation  of  the  slope  angles  up  to  7°  and  the 
variation  of  the  aspect  angles  which  is  measured  in  the  mean  resultant 
length  is  up  to  0.93  in  a  pixel  cell.  The  mean  resultant  length  is  a 
measurement  of  dispersion  analogous  to  the  variance,  and  ranges  from  zero 
to  one.  That  is,  large  values  indicate  that  the  observations  arc  tightly 
bunched  together  with  small  dispersion  [2].  The  viewing  angle  is  from  0°  to 
55°  for  every  5°  in  nadir  and  from  0°  to  355°  for  every  5°  in  azimuth.  To 
simulate  the  terrain  effect  on  radar  backscattering  at  subpixcl  resolution,  we 
used  experimental  data  [3J.  for  the  backscattering  coefficients  for  wet  and 
dry  snow  at  different  incidence  angles,  8.6  GHz  frequency  and  HH 
polarization. 

Facet  Model 

The  radar  backscattering  coefficient  o**  of  a  resolution  cell  is  equal  to  the 
radar  cross  section  of  the  cell  normalized  by  its  cross-sectional  area.  Since 
o®  represents  an  averaged  value,  it  may  be  determined  by  incoherent 
summation  of  the  facet  backscattering  0,4,®  from  each  subpixel  AA,  in  the 
resolution  cell. 

E  a,,,®(0.(e,4,)]xAA, 


AA,  is  an  illuminated  subpixcl  surface  area,  and  A  is  the  area  of  the  pixel, 
is  the  backscattering  coefficient  at  local  angle  of  incidence 
6,(6, 9)  of  each  subpixel  AA,.  6,(6, 9)  is  a  function  of  the  radar  azimuth 
angle  nadir  angle  6,  slope  angle  S„  and  aspect  angle  £j  of  each  subpixel 
AA,'.  It  can  be  determined  by: 

cos  6i(0,  s  cos6  cosSj  ■f  sin6  sinSj  cos(4i  -  £,)  [2] 

This  represents  the  backscattering  coefficient  tj®  of  a  unit  area  as  an 
averaged  value  of  the  combination  or  summation  from  the  backscattering 
coefficients  of  each  subpixel  within  it.  The  accuracy  of  o®  obtained  from 
the  Facet  Model  depends  on  the  resolution  of  the  DEM  data.  The  higher  the 
DEM  resolution  is,  the  belter  approximation  can  be  made  for  o®. 

Simulation  of  terrain  effects 

In  order  to  assess  the  effect  of  subpixel  topography  on  the  backscattering 
coefficient,  three  configUi*ations  will  be  evaluated: 

1.  The  gradient  (S,  B)  of  a  25-m  pixel  is  determined  from  a  DEM  with 
25-m  grid  resolution. 

2.  The  gradient  (S,  E)  of  a  25-m  pixel  is  determined  from  mean  slope  and 
aspect  angles  from  5-m  DEM  (the  reference  plane  method). 

3.  The  surface  geometric  parameters  for  each  subpixel  are  determined 
from  a  5-m  DEM,  and  the  facet  model  is  used  to  calculate  a®  of  a  25- 
m  pixel. 

Figure  2  shows  the  backscattering  coefficients  of  a  25-m  pixel  simulated 
under  the  above  three  configurations  by  using  the  measured  data  for  wet 
snow  (3).  Figure  3  shows  the  absolute  difference  in  backscattering 
coefficients  for  both  wet  and  dry  snow  from  the  reference  plane  method 
compared  with  the  facet  model.  The  backscattering  coefficients  from 
configurations  1  and  2  could  be  considered  as  what  they  should  be  at  the 
angles  of  incidence  under  those  configurations.  Obviously,  using  the  same 
resolution  DEM  data  to  determine  the  geometric  parameters  could  result  in 
misinterpretation  when  the  geometric  parameters  change  greatly  at  subpixel 
scale.  On  the  other  hand,  using  the  averaged  geometric  parameters  from  the 
higher  resolution  DEM,  this  situation  can  be  improved.  But  this  method 
might  still  cause  the  significant  error  when  there  is  near  normal  incidence, 
that  is  when  radar  nadir  angle  is  approximately  equal  to  the  mean  slope 
angle  and  radar  looks  nearly  directly  on  the  slope.  TTie  slopes  of  the  angular 
response  curves  are  generally  much  greater  at  near  normal  incidence  than  at 
large  angles  of  incidence.  Since  the  slopes  of  the  angular  response  curves 
from  wet  and  dry  snow  are  also  different,  the  errors  are  different  for  the 
different  optical  surfaces  at  the  same  level  of  misinterpretation  of  the  local 
angle  of  incidence. 

Determination  of  the  Equivalent  Angle  of  Incidence  for  a  pixel 

Since  rough  topography  affects  the  distribution  of  incidence  angles  for  a 
pixel,  which,  in  turn,  affect  the  interpretation  of  radar  backscattering 
coefficients,  the  simulation  depends  on  determining  an  angle  of  incidence 
within  a  pixel  for  a  rough  terrain. 
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Figure  4.  Compared  Two  methods  with  the  Facet  Model 
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Wc  define  an  equivalent  angle  of  incidence  0*  for  the  pixel,  at  which  the 
radar  backscattering  coefficient  is  the  same  as  that  from  a  flat  surface 

o*’(9)  with  the  same  optical  properties.  Based  on  simulated  backscattering 
coefficients  from  the  facet  model,  the  equivalent  angle  of  incidence  can  be 
found  by  using  the  inverse  method  on  the  same  angular  response  curve. 


c®(0*)  =  o"(0)  =  - 
n 


A  V[9.(a.»)3 

cosSi 


13J 


From  the  facet  model,  wc  can  see  that  the  shape  of  the  angular  response 
curve  (backscattering  coefficient  vs  angle  of  incidence)  is  important  only  to 
determine  the  equivalent  angle  at  a  given  range  of  the  local  angles  of 
incidence  at  each  subpixcl.  Snowpack  parameters  which  affect  the 
backscattering  coefficients  change  in  alpine  snow  covered  drainage  basins 
also.  Wc  thus  might  use  an  averaged  equivalent  angle  of  incidence  from  the 
two  angular  response  curves  for  wet  and  dry  snow  to  determine  the 
equivalent  angle  of  incidence  for  the  pixel  without  regard  to  the  change  in 
snowpack  parameters.  Figure  4  shows  the  absolute  error  terms  compared 
with  those  obtained  from  the  facet  model  by  using  two  methods:  (I)  the 
reference  plane  method,  (2)  the  averaged  equivalent-angle  method.  It  is 
clear  that  using  the  equivalent-angle  method  is  much  better  than  using  the 
reference  plane  method  to  determine  an  equivalent  angle  of  incidence  for  a 
pixel  when  its  topography  changes  within  a  subpixel  scale. 


Discussion 

Table  1  shows  the  number  of  observations  exceeding  the  critical  point 
and  the  maximum  absolute  error  in  a  total  of  864  observations  of  each  test 
sample  when  we  use’’  'he  equivalent-angle  method  from  the  two  snow 
measurement  data  to  et  the  backscattering  coefficients,  compared  with 
those  obtained  from  ect  model,  for  wet  snow  under  a  variety  of 
geometric  parameters,  'i  ''ical  point  for  absolute  error  term  was  set  to  1 
dB  in  our  study,  which  co  .  vnds  to  the  relative  calibration  accuracy  for 
the  Shuttle  Imaging  Radar  -  C  (bIR-C)  [4]. 
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TABLE  I.  Absolute  enor  by  using  equivalent-angle  method 

Generally,  the  accuracy  of  the  equivalent-angle  method  decreases  when 
the  variation  of  the  surface  geometric  parameters  in  the  pixel  increases.  But 
the  relationship  is  also  affected  by  the  distribution  of  the  surface  geometry. 
For  the  same  standard  deviation  of  slope  angle  and  mean  resultant  length, 
the  error  is  greater  from  the  bimodal  distribution,  such  as  a  test  sample 
straddling  a  ridge,  than  from  a  Gaussian  or  uniform  distribution.  Figure  S 
shows  the  number  of  observatio' s  that  exceed  the  critical  point,  by  both  the 
equivalent-angle  method  and  the  reference  plane  method  for  wet  snow.  By 
using  the  reference  plane  method,  the  error  terms  maily  occur  at  nadir  and 
decrease  when  nadir  angle  increase.  On  the  other  hand,  by  using  the 
equivalent-angle  method,  the  error  occur  mainly  under  the  situation  that 
radar  nadir  angle  is  appro.'.imately  equal  to  the  mean  slope  angle  and  radar 
looks  nearly  direct  on  the  slope.  However,  the  error  is  much  less  by  the 
equivalent-angle  method  than  hy  the  reference-plane  method. 

Conclusions 

The  results  show  that  the  terrain  effect  on  radar  backscattering  at 
subpixel  scale  is  determined  by  two  sets  of  parameters;  (I)  geometric 
paramelcrs.  which  include  Ihe  standard  deviation  of  the  slope  and  aspect 
angles  within  a  pixel  cell,  and  look  geometry,  which  includes  the  radar  nadir 
angle  and  azimuth  view;  (2)  surface  optical  properties,  which  determine  the 
shape  of  the  angular  response  curve. 

Based  on  the  backseattering  coefficients  simulated  from  the  facet  model, 
•he  averaged  equivalent-angK  method  provides  better  accuracy,  than  the 
reference  plane  method,  'the  validity  can  be  determined  if  the  dilTcrcncc,  in 
the  averaged  equivalent  angle  and  any  of  the  equivalent  angles  obtained 
from  the  two  extreme  angular  response  curves,  results  in  the  backscattering 
coefficients  succeed  the  eritieal  point.  The  validity  also  depends  on  the 


shape  of  the  two  extreme  eurves,  and  it  is  a  function  of  the  angle  of 
incidence  for  the  given  angular  response  curves. 

If  wc  use  two  extreme  angular  response  curves  with  the  most  difference 
in  shape  from  two  field  measurements  for  a  study  area,  and  the  validity  is 
determined  from  the  two  extreme  angular  response  curves,  the  actual  error 
terms  should  be  smaller  than  those  from  predicting  two  extreme  cases  since 
other  types  of  snow  in  the  study  area  falls  between  the  two  extreme  cases 
and  the  equivalent  angle,  again,  must  be  between  those  obtained  from  the 
two  extreme  curves.  In  other  words,  the  equivalent  angle  from  other  types 
of  snow  in  the  study  area  is  closer  to  the  averaged  equivalent  angle  than  that 
from  the  two  extreme  curves. 
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Figure  1.  Geometry  Configuration  -  Terrain  through  Facet  Representation 


Figure  2.  Effect  ofTkerrain  Geometry  at  Different  Look  Directions 


The  dolled,  duhed  end  solid  lines  represent  configuiauon  1, 2,  and  3, 
respectively.  The  geometry  parameters  within  die  test  sample  are: 
mean  slope  angle  a  19.78°,  standaiad  deviation  of  slope  angle  s 
3.51°;  mean  aspect  i=  111  54°;  and  the  mean  resultant  Icngih  bO.93. 
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1.0  Introduction 

One  practical  use  of  synthetic  aperture  radar 
(SAR)  Images  Is  to  segment  large  areas  of  land  Into 
various  geophysical  classes;  crop  types,  tree  types, 
or  urban  versus  suburban  areas  for  example.  Since 
large  amounts  of  data  are  usually  Involved  automatic 
algorithms  are  the  only  practical  approach.  It  would 
make  such  algorithms  easier  to  Implement  If  the 
probability  density  functions  (pdf's)  of  the  various 
classes  could  be  modeled  beforehand;  In  fact  If  the 
pdf's  are  known  optimal  detection  algorithms  can  be 
Implemented.  In  addition,  knowledge  about  the 
distribution  of  scattered  energy  from  a  given  scene 
can  give  Information  about  the  physical  structure  of 
the  scattering  surface,  namely  the  spatial 
distribution  of  scatterers  within  the  scene.  For 
reasons  such  as  these  It  Is  useful  to  develop  a 
parametric  model  for  the  pdf  of  diffuse  scenes  In  SAR 
Images. 

Much  work  has  been  done  In  this  area  already 
[1,2,3],  mainly  In  attempting  to  fit  pdf's  with  known 
analytical  forms  to  histograms  generated  from  SAR 
data.  Unfortunately,  as  SAR  resolutions  become  better 
(thus  generating  more  Independent  samples  of  a  diffuse 
scene)  and  SAR  calibration  procedures  become  more 
refined  (thus  removing  uncertainties  In  backscattered 
values  due  to  system  effects)  the  analytical  forms  do 
a  poorer  job  of  fitting  the  actual  histogram  data. 

This  Indicates  that  a  more  complicated  pdf  model  Is 
necessary,  one  that  Includes  the  physical  aspects  of 
the  terrain  being  Imaged,  rather  then  just  continuing 
to  search  for  other  analytical  forms.  This  paper  will 
present  a  model  that  essentially  divides  the  SAR  pdf 
Into  a  part  due  to  speckle  and  a  part  due  to  the 
spatial  distribution  of  the  scatterers  within  the 
scene  allowing  a  better  fit  to  the  SAR  histogram 
values  and  allowing  the  spatial  distribution  function 
to  be  extracted  from  the  SAR  data.  A  specific  form  of 
this  model  was  presented  In  ref.  2,  but  our  approach 
Is  to  generalize  that  model  to  multi-looked  SAR  data 
and  to  extract  the  spatial  density  function  directly 
In  addition  to  assuming  a  functional  form  for  It. 

2.0  Density  Function  Model 

To  form  a  simple  scattering  model  for  diffuse 
targets  In  SAR  Imagery,  we  will  divide  the  target 
spatially  Into  small  cells  on  the  order  of  the 
resolution  of  the  SAR.  We  will  assume  that  each  cell 
contains  a  large  number  of  scatterers  at  ranges  that 
vary  much  more  then  the  wavelength  of  the  SAR  and  that 
all  have  the  same  radar  crossectlon.  However,  the 


radar  crossectlon  values  will  vary  from  cell  to  cell. 
Because  the  surface  within  each  cell  will  appear  rough 
to  the  radar,  the  backscattered  values  will  fluctuate 
due  to  speckle  with  an  exponential  density  function 
[5]  (If  we  are  considering  Intensity  statistics).  If 
the  SAR  data  has  been  multi -looked,  then  the 
statistics  of  the  speckle  will  the  Gamma  distributed 
with  density  function  r(x;c,b); 

r(x;c,b)  =  (x/c)c-l[exp(-x/b)]/br(c)  (1) 

where  r(c)  Is  the  Gamma  fund  Ion,  c  will  be  an  Integer 
representing  the  number  of  liidependent  speckle  values 
that  were  added  together  and  b»(cr/c)  where  a  Is  the 
mean  radar  crossectlon  for  that  cell.  Let  be 
the  density  function  that  represents  how  the  mean 
radar  crossectlons  vary  from  cell  to  cell;  I.e.  the 
spatial  distribution  of  the  scatterers.  Considering 
the  SAR  backscattered  values  from  the  entire  target  as 
a  single  random  variable.  It  will  then  have  density 
function  f(x); 

f(x)  =  7  r(x;c,(7/c)f^((r)do  .  (2) 

0 

In  Eq.  (2),  the  Gamma  density  represents  the  variation 
due  to  speckle  and  the  f^  density  represents  the 
variation  due  to  spatial  changes  In  radar  backscatter. 

The  actual  measurement  on  the  data  Is  a  histogram 
of  the  SAR  values  within  the  target.  Let  hj  represent 
the  histogram  values  for  1  =  1,...,B  where  B  Is  the 
nunter  of  bins  In  the  histogram.  Then 

number  of  pixels  e  (Si,E<) 

hi  ■=  - - - (3) 

total  number  of  pixels  In  the  target 


and 


hi 


El 

/  f(x)dx 
Si 


(4) 


where  (S^,E4),  1  =  1,...,B  represents  the  bln 

••  •  «h  which  whc  hlSwC^rctMi  cctlculuvcd 
Our  problem  can  now  be  stated  as  follows;  given  values 
of  h^,  1  =  1,...,B  determine 


If  we  consider  h<  as  an  estimate  of  f(xj)  for 
some  X  value  In  the  middle  of  the  bln  (S^,Ei),  then 
our  problem  Is  solving  the  first  order  Integral 
equation  (2).  Unfortunately,  such  equations  are  known 
to  be  Ill-posed  and  when  put  Into  the  form  of  a  system 
of  linear  equations  (which  we  would  need  to  do  since 
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we  only  have  sampled  data)  generate  111-condltloned 
matrices  which  cannot  be  Inverted.  Our  solution  to 
this  difficulty  Is  two-fold.  First,  assume  an 
analytical  form  for  and  then  solve  for  the 
parameters.  This  has  the  added  advantage  of  allowing 
us  to  use  Eq.  (4)  directly  Instead  of  the 
approximation  mentioned  above.  This  Is  similar  to  an 
analysis  In  [2],  but  we  use  more  general  density 
functions  and  find  an  optimal  solution  In  the  sense 
that  It  minimizes  an  error  metric.  Second,  we  will 
perturb  the  analytical  solution  to  Iteratively  to 
minimize  an  error  metric.  This  allows  us  to  find  a 
solution  that  Is  not  constrained  to  any  special  form, 
but  gets  around  the  111-condltlonlng  mentioned  above 
since  we  are  finding  a  solution  that  Is  close  to  an 
Initial  guess. 

3.0  Analytical  Form  Fitting 

We  will  assume  that  can  also  be  described  as  a 
Gaiwtia  density  function;  l.e.  f^{o-)  =  r(<r:CQ,bo)  where 
Cq  and  bo  need  to  be  determined.  This  choice  Is 
prompted  by  the  wide  range  of  density  shapes  that  the 
Gamma  can  have  for  different  values  of  Cq  and  bo;  from 
exponential  to  Raylelgh-llke  to  Gaussian.  Also,  It 
will  allow  us  to  determine  the  general  shape  for 
we  can  refine  that  shape  with  the  perturbation  method 
discussed  below. 

Substituting  our  Gamma  assumption  Into  Eq.  (2) 
generates  a  three  parameter  model  for  f(x)  with  the 
three  parameters  being  c,  Co  and  bg.  In  theory,  we 
should  know  the  value  of  c  a  priori  since  It 
corresponds  to  the  number  of  looks  used  to  generate 
the  SAR  Image.  In  practice  however,  due  to  the 
different  methods  that  are  used  to  generate  multi- 
looked  data  and  the  possibilities  of  different  weights 
being  applied  to  each  Individual  look,  we  usually  can 
only  estimate  c  from  the  methodology  used.  Thus  we 
have  decided  to  leave  It  as  a  parameter  that  needs  to 
be  specified.  The  moments  about  the  origin  for  this 
model  can  be  easily  calculated; 


ECxH 


r-1 

IT  (c+k)(co+k) 
k=0 


(5) 


and  specifically  the  mean  =  bgCg  and  the  variance  = 
bo^Co(l+[Co+l]/c). 

The  simplest  method  to  Implement  for  finding  the 
values  of  the  three  parameters  that  best  fit  a  SAR 
image  Is  trial  and  error.  Although  not  optimal  In  any 
sense.  It  does  allow  a  quick  analysis  for  the  general 
shape  that  f^  has  and  allows  generation  of  an  Initial 
guess  for  the  Iterative  procedures  discussed  below. 

To  that  end  we  analyzed  how  changes  In  c,  Cg  and  bg 
actual  perturb  f(x).  We  found  It  easier  to  work  with 
the  distribution  function  for  this  analysis  then  the 
density  function  f{x).  Figure  1  shows  how  the 
distribution  function  changes  with  the  c  parameter; 
note  that  It  Is  essentially  a  rotation  of  the 
distribution  function.  Figure  2  shows  how  changes  In 
Cg  perturb  the  distribution  function;  It  essentially 
shifts  the  function.  Ihe  bg  parameter  also  shifted 
the  distribution  function  similar  to  the  Cg  parameter. 
Using  mean  =  bgCg  allowed  us  to  eyeball  fits  to 
various  SAR  Images.  Figure  3  shows  an  actual  SAR 
Image  distribution  function  (clrclesl  compared  to  an 
eyeball  fit  to  our  model  (solid  line).  For  comparison 
a  fit  to  a  simple  Gamma  model  (using  the  methods  of 


moments  to  estimate  the  parameters)  Is  also  shown 
(dotted  line).  Note  that  although  both  models  do  a 
good  Job  the  single  Gamma  model  slightly  under 
predicts  the  distribution  values  at  the  first  turn  and 
then  over  predicts  at  the  second  turn  whereas  the 
Gamma-Gamma  model  does  a  good  Job  of  predicting  at  the 
first  turn  and  only  slightly  over  predicts  at  the 
second  turn.  The  mean  squared  error  of  the  Gamma- 
Gamma  model  In  Figure  3  was  30%  lower  then  for  the 
single  Gamma  model. 

For  a  more  optimal  fit,  although  at  some 
computational  cost,  we  Iteratively  found  the 
parameters  c,  Cg,  bg  that  minimized  the  mean  square 
error  metric  E, 


E  =  -  S  (h,  -  fi)2  (6) 

B  1=1 


us'ng  a  Levenberg-Marquardt  method  [5].  To  determine 
any  Improvement  this  model  gave  over  fitting  to  a 
single  analytical  form,  the  algorithm  was  run  on  a 
series  of  SAR  Image  subsets  which  represented 
different  Ice  types.  A  single  Gamma  density  function 
was  then  fit  to  the  same  data  using  the  same 
algorithm;  although  this  time  only  finding  the  value 
of  two  parameters  that  minimized  E.  Due  to 
computational  costs  only  a  few  such  cases  could  be 
run,  but  In  each  Instance  the  value  of  E  for  the 
Gamma-Gamma  model  was  30  to  50  percent  better  then  the 
single  Gamma  model.  To  avoid  the  problem  of  comparing 
a  three  parameter  model  (l.e.  Eq.  (2))  with  a  two 
parameter  model  (the  single  Gamma  fit)  we  also  ran  the 
algorithm  by  setting  c  to  an  estimate  of  the  number  of 
looks  of  the  Images  and  allowed  only  Cg  and  bg  to 
vary.  The  were  essentially  similar  to  the  previous 
case  with  the  Improvement  In  mean  square  error  being 
approximately  the  same. 

4.0  Perturbation  of  the  Solution 

The  analysis  discussed  above  assumes  a  shape  for 
the  fg.  density  function.  To  avoid  this  we  analyzed 
perturbing  the  Gamma  solution  Iteratively  to  determine 
If  a  different  shape  could  generate  a  smaller  value  of 
E.  Theoretically  we  could  apply  the  same  Iterative 
algorithm  as  above,  however  the  dimensionality  of  the 
resultant  parameter  space  makes  the  method  not 
practical  to  Implement.  Instead,  we  perturbed  each  f^ 
separately  and  determined  which  value  minimized  E. 
Performing  this  for  each  value  of  1  separately,  we 
then  but  them  together  to  generate  our  "next  guess" 
for  fg.  Although  this  Is  not  an  optimal  guess,  and 
for  special  cases  can  cause  a  stagnation,  for  most 
well  behaved  functions  It  will  move  the  estimate 
closer  to  the  value  that  minimizes  E  and  It  will  allow 
an  estimate  of  the  actual  shape  for  fg.  Figure  4 
shows  an  original  guess  for  the  fg  Gamma  density 
function  as  generated  In  section  3  (solid  line)  and 
the  result  of  performing  one  Iteration  of  the 
perturbation  analysis  (connected  circles).  Note  that 
the  algorithm  Is  attempting  to  push  the  density 
function  Into  a  shape  that  Is  more  delta-like  with 
much  heavier  tails  then  the  Gamma  shape;  perhaps 
Indicative  of  less  variation  In  the  spatial  scatterers 
then  the  Gamma  curve  Indicated.  Implementation  of 
this  algorithm  on  a  array  processor  Is  currently  being 
performed  to  carry  this  analysis  further. 
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5.0  Conclusions 

We  have  presented  a  model  for  the  density 
function  of  SAR  Images  of  diffuse  scenes  that  Is  a 
first  order  attempt  at  modeling  the  physical 
scattering  properties  and  does  a  better  Job  of  fitting 
to  actual  SAR  Image  histograms  then  fitting  single 
analytical  forms.  In  addition,  the  resultant 
parameters  allow  better  segmentation  of  different  SAR 
scattering  phenomena  since  they  remove  the  variation 
within  classes  caused  by  speckle.  Initial  results 
Indicate  that  a  perturbation  of  the  Gamma  solution  to 
Eq.  (2)  appears  to  be  possible  and  generates  a  more 
delta-like  shape  to  the  density  function. 
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ABSTRACT 

We  propose  an  adaptive  vector  linear  minimum  mean- 
squared  error  (LMMSE)  filter  for  multichannel  images  with 
multiplicative  noise.  We  show  theoretically  that  the  mean- 
squared  error  in  the  filter  output  is  reduced  by  making  use  of 
the  correlation  between  image  bands.  The  vector  and  conven¬ 
tional  scalar  LMMSE  filters  are  applied  to  a  3  band  SIR-B 
SAR  image,  and  their  performance  is  compared.  We  also 
show  that  the  speckle  noise  distribution  of  an  N-look  ampli¬ 
tude  SAR  image  is  square-root-of-gamma.  Based  on  this  dis¬ 
tribution  and  a  multiplicative  noise  model,  we  derive  the 
pcr-pel  maximum  likelihood  classifier.  We  extend  this  to  the 
design  of  sequential  and  robust  classifiers.  These  classifiers 
are  also  applied  to  the  3  band  SIR-B  SAR  image. 

Keywords:  synthetic  aperture  radar,  speckle,  vector  filter, 
contextual  classifier. 


1.  INTRODUCTION 

Because  of  its  ability  to  operate  under  all  weather  condi¬ 
tions,  synthetic  aperture  radar  (SAR)  is  playing  an  increas¬ 
ingly  important  role  in  gathering  information  from  the 
earth’s  surface.  At  the  same  time,  new  instrumentation  with 
expanded  capabilities  is  being  developed.  It  is  becoming  com¬ 
mon  for  SAR  images  to  have  multiple  bands  corresponding  to 
different  incidence  angles,  difierent  polarizations,  and 
different  frequencies,  or  a  combination  of  these.  For  example, 
in  the  Shuttle  Imaging  Radar-C  experiment  scheduled  for 
1991,  SAR  images  will  be  acquired  simultaneously  at  two 
microwave  frequencies  (L  and  C  band)  with  four  polariza¬ 
tions  (HH,  W,  HV,  and  VH).  However,  SAR  is  a  coherent 
system;  and  images  acquired  with  it  are  corrupted  by  speckle 
noise.  This  impedes  visual  interpretation,  and  severely 
degrades  the  performance  of  per-pel  classifiers.  To  reduce 
speckle  noise,  multilook  processing,  in  which  independent 
frames  are  averaged,  is  applied  to  the  SAR  images  |lj.  The 
resulting  noise  has  been  shown  to  fit  a  multiplicative  model 
121- 

In  previous  work  in  this  area  [2)-(5),  numerous  niters 
have  been  designed  for  further  speckle  reduction.  These  are 
based  on  various  models  for  speckle,  including  multiplicative 
noise  and  non-Gaussian  statistics.  However,  the  image  bands 
are  filtered  separately  and  independently.  The  correlation 
between  bands  is  not  utilized.  Recently,  a  multichannel  filter 
was  proposed  for  stationary  images  corrupted  by  additive 
noise  |6j.  In  classifying  ground  cover  type,  the  per-pel  max¬ 
imum  likelihood  (ML)  classifier,  based  on  an  additive  Gaus¬ 
sian  noise  model,  cannot  perform  satisfactorily  due  to  speckle 

*  Research  pactiaUy  supported  by  NASA  under  Contract  No.  NAGW-925. 


noise.  One  approach  to  improving  classifier  performance  is 
to  filter  the  image  first,  and  then  apply  the  per-pel  classifier. 
Another  approach  is  to  use  contextual  information  in  design¬ 
ing  the  classifier.  In  our  previous  research  and  that  of  others 
[7)  jS),  it  has  been  shown  that  both  approaches  yield  a 
significant  improvement  in  classification  rate.  Among  the 
filters  we  investigated,  the  scalar  adaptive  linear  minimum 
mean-squared  error  fLMMSE)  filter  [2j  was  one  of  the  best  in 
preserving  edges  and  roads,  and  in  improving  classifier  per¬ 
formance. 

In  this  paper,  we  exploit  the  correlation  between  image 
bands  to  aid  in  speckle  reduction.  We  propose  an  adaptive 
vector  filter  for  nonstationary  images,  which  is  a  generaliza¬ 
tion  of  the  adaptive  scalar  LMMSE  filter.  We  assume  that 
the  noise  is  multiplicative,  and  uncorrelated  from  band  to 
band.  We  derive  the  LMMSE  estimate  of  the  vector  of  ter¬ 
rain  reficctances  in  terms  of  the  SAR  image  and  noise  statis¬ 
tics.  SIR-B  images  of  a  forested  area  in  Florida  are  filtered 
with  the  new  vector  filter,  and  compared  with  images  in 
which  each  band  is  filtered  separately  with  the  scalar  adap¬ 
tive  LMMSE  filter. 

The  conventional  per-pel  ML  classifier  implicitly 
assumes  an  additive  Gaussian  noise  model.  In  this  paper,  we 
propose  a  per-pel  ML  classifier  based  on  a  multiplicative 
noise  model.  We  investigate  the  speckle  noise  distribution  of 
an  N-look  SAR  amplitude  image,  and  derive  the  ML  estimate 
of  the  class  statistics,  and  the  log-likelihood  function  based 
on  this  model  and  noise  distribution. 

We  previously  ileveloped  a  contextual  classifier  based  on 
sequential  decision  theory  and  an  additive  Gaussian  noise 
model  (7).  In  this  paper,  we  use  a  generalized  sequential  pro¬ 
bability  ratio  test  to  design  a  classifier  based  on  the  likeli¬ 
hood  function  for  the  multiplicative  noise  model.  To  limit 
the  efiect  of  deviations  from  the  assumed  model  on  classifier 
performance,  we  also  design  a  robust  sequential  classifier  for 
multiplicative  noise.  We  compare  the  performance  of  these 
classifiers  using  the  SER-B  data. 

2.  ADAPTIVE  LMMSE  VECTOR  FILTER 

The  adaptive  vector  LMMSE  filter  is  based  on  a  model 
in  which  the  noise  is  multiplicative,  unit  mean,  and  uncorre¬ 
lated.  The  gray  value  z.  in  band  i  of  the  .SAR  image  is 
related  to  the  corresponding  terrain  reflectance  X|  and  noise 
Vj  according  to  z;  =  XiV;^  i  =  1,  2,  M,  where  M  is  the 
total  number  of  bands.  In  vector  notation,  let 
"z  =  (zi  zj  •••zmI^,  and  x  =  [xj  X2  ‘"XMp.  The  general  form 
for  the  LMMSE  estimate  of  the  terrain  reflectance  T  is 

X  =74  -l-7r„  (z -7<,), 

where  74  and  74  are  the  means  of  x  and  %  jr„  is  the  covari¬ 
ance  matrix  between  x  and  T,  and  zr,  is  the  covariance  matrix 
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ofz.  It  follows  from  the  multiplicative  model  that  =74i 
5r„  =  7r„  and  7r,(i,i)  =  (aj /  {<t? +1),  7r,(i,j)  = 
for  i?5j,  ISijjSM.  In  practice,  and  tTj  are  estimated  as 
the  sample  mean  and  covariance  of  the  data  in  a  neighbor¬ 
hood  of  the  point  to  be  filtered.  The  noise  power,  as  will  be 
shown  in  Sec.  3,  is  =  NI^(N)/l^(N+l/2)  —  1,  where  N  is 
number  of  looks,  jr,  is  then  calculated  from  the  above  equa¬ 
tion.  It  can  be  shown  that  <7*  =  <?,_  -b  <75|E{x?}  >  <7,.,  for 
l<i<M,  while  <7,j  =  for  Thus  the  correlation 
between  image  bands  is  weakened  by  the  noise;  and  the  eficct 
is  much  more  pronounced  than  it  vvould  be  if  the  noise  were 
additive  instead  of  multiplicative. 


Of  course,  if  the  terrain  reflectances  x,  in  the  separate 
bands  are  uncorrelated,  i.e.  <7, ,  =  0  for  i/j,  the  vector  filter 
reduces  to  a  bank  of  scalar  LMMSE  filters  |2],|7), 
x;  =  jiy  +  (al  /  al)  (z,  -  /I, ),  i  =  1,  2,  -,  M,  where 
—  rrj(i,i)  as  given  above. 


When  the  terrain  reflectances  are  correlated  between 
bands,  the  vector  filter  will  result  in  a  better  estimate  of  the 
terrain  reflectance  than  the  scalar  filter.  To  Illustrate  the 
point,  consider  the  case  M  =  2.  The  mean-squared  error 
MSEv  =E{lxi-Xi|®}  in  the  vector  estimate  of  Xi  is  given  by 


MSEv  =<7^  — 


whereas  if  we  base  our  estimate  of  Xj  only  on  Zi,  then 
MSEj  =  (tJ  —  <7l  /  aj  .  The  difference  is  MSEy  — MSE,  = 

^  0-  Figure  f  shows 
as  a  function  of  the  correlation,  the  decrease  in  mean-squared 
error  that  results  with  the  vector  filter. 


Fig.  1.  Decrease  in  mean-squared  error  resulting  from  use  of 
the  vector  LMMSE  fitter  instead  of  the  scalar 
LMMSE  filter  as  a  function  of  the  correlation 
between  two  image  bands.  The  terrain  reflectance 
means  and  variances  are  assumed  to  be 
Ih,  =  Ih,  =  100.  and  crj,  =  =  150. 


Spatially  registered  images  acquired  over  the  same  ter¬ 
rain  region  via  modalities  other  than  SAR,  may  also  be  used 
to  reduce  speckle  noise  in  the  SAR  images.  We  used  a 
thematic  mapper  (TM)  image  for  this  purpose.  In  this  case, 
the  noise  is  modeled  as  being  additive;  so  assuming  that  the 
i-th  band  contains  the  TM  image,  7r,(i,i)  =  <7,.— aj.,  where 
al.  is  again  the  noise  power.  Nothing  else  in  the  analysis 
changes.  Since  the  TM  images  are  much  less  noisy  than  the 
SAR  images,  a  more  significant  decrease  in  MSE  is  obtained. 

3.  MAXIMUM  LIKELIHOOD  CLASSIFICATION 
BASED  ON  A  MULTIPLICATIVE  NOISE  MODEL 
Speckle  noise  results  from  the  interference  of  wavelets 
from  different  scatterers  on  a  rough  surface.  Using  the  ran¬ 
dom  walk  model,  it  was  shown  that  the  intensity  of  the 


speckle  noise  is  exponentially  distributed  [9|.  To  reduce 
speckle  noise,  the  SAR  images  are  preprocessea  by  averaging 
N  looks  on  an  intensity  basis,  and  then  computing  amplitude. 
The  average  of  N  independent  exponentially  distributed 
random  variables  has  an  N-th  order  Erlang  distribution 
f,(x)  =  aN/(N-l)!xN-ie-«,  x>  0. 

Hence,  the  amplitude  of  the  speckle  noise  has  a  square-root- 
of-gamma  distribution 

fy(v)  =  2aN/(N-l)!  v*N-‘e-“''’,  v>  0, 

with  mean  /Zy  =  r(N-H/2)/lai^*(N— 1)1],  and  variance  <7?  = 
N/a  -  (r(N-l-l/2)/(N— l)!p/a.  Under  this  model,  the  speckle 
index  [9]  for  a  4-look  SAR  image  is  <^r//W  =  0.2535.  In  Fig. 
2,  the  square-root-of-gamma  probability  density  function 
with  fly  =  1  and  N  =  4  is  plotted,  together  with  the  Gaussian 
probability  density  function  with  /z,  =  1  and  <Ty  =  0.2535. 
The  curves  are  very  close  indeed,  indicating  that  to  a  good 
approximation,  the  speckle  noise  can  be  assumed  to  have  a 
Gaussian  distribution. 


c 


Fig.2.  The  square-root-of-gamma  probability  density  func¬ 
tion  with  /iy  =  1,  and  N  =  4,  compared  to  the  Gaus¬ 
sian  probability  density  function  with  /Zy  =  1  and 
(7y  =  0.2535. 


To  classify  an  N-look  SAR  image,  we  estimate  class 
statistics  from  training  samples,  and  then  design  the  ^ 
classifier.  Assume  that  there  are  N^  classes  each  containing 
Mj  training  samples,  i  =  1,  2,  "^Ne.  Under  the  multiplica¬ 
tive  noise  model,  the  k-th  sample  Zj^^  of  the  i-th  class  can  be 
represented  as  Zj^it  =  x;  vj^k,  where  X;  is  the  terrain 
reflectance  of  the  1-th  class,  and  v;  k  is  the  speckle  noise  for 
the  k-th  data  point  of  the  i-th  class.  Assuming  a  square- 
root-of-gamma  distribution  for  the  speckle  noise,  we  obtain  a 
ML  estimate  for  x;  of  the  form 


Xl  = 


MiNj,?,*’'-' 


1/2 


where  a  =  (r(N-i-l/2)  /(N-l)lp  since  fty  =  1.  For  class  i, 
the  discriminant  function  of  data  point  z,  defined  to  be  the 
log-likelihood  function,  is 

g.{z)  =  (2N-1)  ln(z/xi)  -  ln(xi)-o(z/xi)S 

where  i  =  1,  N^.  We  assign  z  to  that  class  for  which  the 

discriminant  function  has  the  largest  value. 

If  we  approximate  the  noise  probability  density  function 
by  a  Gaussian  density,  then  the  ML  estimate  for  Xj  is 


M, 

-  S  =‘k,i  + 

k-l 


’  Ml  Ml 

(£zk,i)*-MMi<^i;zJ,i 

k-l  k-1 


/  2Mi<75; 


and  the  discriminant  function  for  data  point  z  is 
gi(z)  =  -  ln(x:)  -  (z-Xi)V(2o?xf). 
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4.  SEQUENTIAL  CLASSIFICATION 

By  considering  the  values  of  pixels  . . .  in  a  neigh¬ 

borhood  of  the  pixel  Zq  to  be  classified,  we  can  increase 
classihcation  accuracy  over  that  of  a  per-pel  classifier,  which 
bases  its  decision  about  Zq  only  on  the  value  of  zq.  Let 
z  =  (zo,  .  .  .  ,Zn)  denote  the  data  sequence.  For  each  class  i, 
the  generalized  sequential  probability  ratio  jlO)  is  computed 
according  to 

i-i 

n 

where  f°(z)  =  llf,(zk)  ‘s  joint  probability  density  of  the 
k-o 

data,  assuming  that  it  belongs  to  class  i.  The  test  is  to  com¬ 
pare  L,°(z)  with  a  threshold  a,.  If  L°fz)  <  a,,  then  z  does  not 
belong  to  class  i;  and  we  are  left  with  —  1  classes.  We  add 
another  sample  point  to  the  data  sequcn<">,  and  repeat  the 
test  with  Nc  -  1  classes.  When  only  one  class  is  left,  the  data 
point  Zo  is  assigned  to  it.  The  thresholds  are  given  by 

^  C  1  /M 

a;  =  (1  —  e„)  /  (]■[  (1  —  Cjj))  '  '  where  e,,  is  the  probability 

of  assigning  zq  class  i  when  it  actually  belongs  to  class  j. 
These  probabilities  are  specified  as  part  of  the  classifier 
design. 


5,  ROBUST  SEQUENTIAL  CLASSIFICATION 

Consider  the  problem  of  assigning  a  sample  z  to  one  of  2 
classes  with  probability  densities 


fi(*)  =  (l-f)ff'(z)  +  i  =  0,  1; 

where  fi^{z)  is  the  known  nominal  density  function  and  f[(z) 
is  an  unknown  density  function  which  accounts  for  deviations 
from  the  assumed  model.  To  limit  the  effect  of  these  dcv'.a- 
tions  on  the  classification  decision,  wo  form  the  robust  likeli¬ 
hood  ratio  |ll| 


l(z) 


eo,  l'^(z)  ^  Co, 

l‘^(z),  ci<  l^(z)  <Co, 
ei.  l^^W  <c,. 


where  l^(z)=fi*(z)  /fo(z)  is  the  nominal  likelihood  ratio, 
and  Cq  and  Ci  are  solved  from 


PS'|l‘'(is)<col  +  1/co  pril''(z)s:  Col  =  l/(l-e). 


Pj'll''(*)>c.l  +c.P?|l''(z)<c,|  =  l/{l-e), 

using  Newton’s  method.  Pf^jAj  denotes  the  probability  of 
event  A  under  the  nominal  distribution  for  z,  assuming  that 
z  belongs  to  class  i.  To  apply  the  robust  likelihood  ratio  tx) 
M-ary  sequential  classification,  we  first  use  the  generalized 
sequential  probability  ratio  test  to  select  the  two  most  prob¬ 
able  classes;  and  then  make  the  final  decision  using  l(z). 


8.  EXPERIMENTAL  RESULTS 

The  images  used  in  the  experiment  were  obtained  by  the 
Shuttle  Imaging  Radar-B  (SIR-B)  during  Space  Shuttle 
Flight  41-G  in  October,  1984.  Three  sets  of  data  were  col¬ 
lected  over  a  forested  area  in  northern  Florida  on  Oct.  9,  10, 
and  11,  at  incidence  angles  58°,  45°,  and  28°,  respectively. 
The  images  were  digitally  processed  by  the  Jet  Propulsion 
Laboratory  (JPL)  in  Pasadena,  CA.  A  set  of  Thematic 
Mapper  (TM)  images  over  the  same  area  was  obtained  on 
Oct.  12,  1984j  and  they  worn  re^is^^red  wJtl*  the 
images  by  JPL.  The  Images  we  used  here  have  512x512  pix¬ 
els.  Each  pixel  covers  a  28.5x28.5  m*  area  on  the  ground. 
To  reduce  speckle  noise,  the  images  have  been  preprocessed 
by  averaging  the  Intensity  of  four  looks,  then  computing 
amplitude.  Sixty  sample  fields  with  known  ground  truth  were 
selected,  out  of  which  18  were  training  fields,  and  42  were 
test  fields.  These  sample  fields  represent  six  ground  cover 
classes;  water,  clear-cut  and  pine  (1-3  years),  pine  (6  -  36 


years),  pine  (>  36  years),  mixed  swamp,  and  cypress  swamp. 

The  three  SIR-B  image  bands  were  filtered  together  with 
the  vector  filter,  and  separately  with  the  scalar  filter.  Each 
SIR-B  image  band  and  band  5  of  the  TM  image  were  also 
filtered  with  the  vector  filter.  The  size  of  the  window  within 
which  sample  statistics  were  computed  was  5x5.  It  was 
observed  that  the  estimates  of  were  sometimes  negative. 
This  mainly  occurred  in  two  kinds  of  regions:  those  where 
the  terrain  reflectance  fluctuated  very  little,  so  that  <tJ,  «  0; 
and  those  where  many  pixel  values  were  255  due  to  clipping. 
We  modified  the  algorithms  so  that  whenever  (T,,  is  negative, 
it  is  forced  to  be  zero.  In  this  case,  the  estimate  of  the  terrain 
reflectance  will  be  the  local  mean.  Figure  3  shows  portions  of 
the  images  filtered  with  both  the  unmodified  ana  modified 
filters.  It  can  be  seen  that  many  artifacts  are  removed  by  our 
modification  of  the  filter,  while  linear  features  are  almost 
unaffected. 


Fig.3.  Effect  of  different  processing  techniques  on  a  3  band 
SIR-B  SAR  image:  unmodified  scalar  filter,  modified 
scalar  filter,  unmodified  vector  filter,  and  modified 
vector  filter  (left  to  right  and  top  to  bottom). 


To  further  illustrate  this  point,  we  ran  a  simulation. 
Three-variate  Gaussian  random  data  Xj,  X2,  and  X3  were  gen¬ 
erated  with  parameters  =  100,  =  150,  and  cr,  ,  —75  for 

i^j,  i,  j  =  1,  2,  3.  These  were  multiplied  separateiy  by 
uncorrelated  Gaussian  random  variables  with  o-y  =  0.25  to 
obtain  three  bands  of  simulated  images  Zj,  Z2,  and  Z3.  We 
first  processed  the  simulated  images  with  scalar  and  vector 
filters  based  on  the  true  statistics  and  <^.*.,  and  cal¬ 

culated  the  mean-squared  error  in  the  estimate  of  Xj.  The 
MSE  for  the  scalar  filter  was  121.2,  and  that  for  the  vector 
filter  was  112.7.  We  then  repeated  the  processing  with 
unmodified  filters  using  sample  statistics  to  estimate 
and  (tJ  J  .  In  this  case,  the  MSE  for  the  scalar  filter  increased 
to  189.2,  and  that  for  the  vector  filter  increased  to  243.1. 
Modifying  the  filter  algorithms  to  force  negative  sample  vari¬ 
ances  to  zero  reduced  the  MSE  to  164.4  for  the  scalar  filter, 


»QA  r  I*-.  iU,  nu^-  x<fci7 

<iliu  iOl  vuO  tCv.vOi  uiv^i .  xiiv  ivawjl/  lOt  t/tav 


is  larger  than  that  for  the  scalar  filter  in  both  cases  where 
sample  statistics  arc  used.  This  is  due  to  the  fact  that  for  a 
fixed  sample  size,  the  estimate  of  the  covariance  matrix 
becomes  less  accurate  at  larger  dimensions  [12].  Increasing 
the  window  size  to  11x11  reduced  the  MSE  for  the  scalar 
filter  to  133.6,  and  that  for  vector  filter  to  134.6.  At  a  win¬ 
dow  size  of  17  X 17,  the  MSE’s  were  127.2  and  122.5,  respec¬ 
tively.  These  results  are  summarized  in  Table  1. 
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T.ible  1.  Mean-Squared  Error  in  Filter  Output  for  Different 
Parameter  Estimates 


Based  on 

Based  on  Sample  Statistics 

True  Stat. 

Unmod. 

5x5 

Mod. 

5x5 

Mod. 

llxll_ 

Mod. 

17x17- 

Scalar 

Vector- 

121.2 

112.7 

189.2 

243.1 

164.4 

180.5 

133.6 
.  13.4.9_l 

127.2 

122.5 

Fig.-l.  Effect  of  different  filters  on  a  3  band  SIR-B  SAR 
image:  original,  scalar  filter,  vector  fijtering  of  3  SAR 
bands  together,  and  vector  filter  applied  separately  to 
each  SAR  band  with  1  TM  band  (loft  to  right  and 
top  to  bottom). 


Figure  4  shows  portions  of  the  original  image,  and 
’mages  processed  by  applying  scalar  filters  to  each  SAR  band, 
a  single  vector  filter  to  all  3  SAR  bands,  and  separate  vector 
filters  to  each  SAR  band  with  1  TM  band.  There  are  distinct 
differences  in  the  sharpness  of  the  images  processed  by  the 
three  approaches.  Vector  filtering  of  each  SAR  band  in  com¬ 
bination  with  1  TM  band  produces  the  sharpest  image  fol¬ 
lowed  by  vector  filtering  of  the  3  SAR  bands  together.  The 
scalar  filter  produces  the  least  sharp  image.  To  gain  a  more 
quantitative  a.ssessment  of  how  the  processing  methods  differ 
in  their  effect  on  images,  we  calculated  the  percent  increase 
in  average  edge  spread  and  the  ratio  of  average  road  contrast 
relative  to  that  of  the  original  image,  as  defined  in  [7],  and 
classification  performance  using  ^  conventional  per-pel  ML 
classifier  based  on  the  3  SAR  bands.  The  results  are  shown 
in  Table  2. 


Table  2.  Filter  Performance 


Filter  Type 

Scalar 

Vector 

3  SAR 
Bands 

Vector 

1  SAR  Band 

1  TM  Rand 

Edge  Spread  Increa3e(%) 

25.9 

16.2 

21.3 

Road  Contrast  Ratio 

0.567 

0.653 

0.695 

Classification  Rate  {%) _ 

_MJ _ 

82.4 _ 

83.4 

In  terms  of  edge  spread  and  road  contrast,  the  ranking  of  the 
3  processing  methods  agree  with  their  visual  appearance. 
However,  the  gam  m  image  sharpness  is  achieved  ai  ihe  cost 
of  a  small  decrease  in  classification  rate. 

For  the  second  part  of  the  experimental  work,  we  exam¬ 
ined  the  performance  of  the  three  multiplicative-modcl-based 
classifiers  discussed  in  Secs.  3  -  5  on  the  first  band  of  the  ori¬ 
ginal  SIR-B  SAR  image.  The  three  classifiers  are  per-pel  ML, 
sequential,  and  robust  sequential.  All  classifiers  were 
evaluated  under  both  the  squarc-root-of-gamma  and  Gaus¬ 


sian  noise  distributions.  The  results  arc  shown  in  Table  3. 


Table  3.  Classifier  Performance  (Per  Cent  Correct] 

Classifier 

Per-Pcl  ML 

59.4 

59.6 

Sequential 

78.6 

78.2 

-Robust.  Sequential 

79.9 

80.8 

The  sequential  classifier  performs  substantially  better  than 
the  per-pel  ML  classifier  on  1  band  of  the  original  image,  and 
almost  as  well  as  the  per-pel  ML  classifier  applied  to  3  bands 
of  filtered  images,  as  indicated  in  Table  2.  The  robust  pro¬ 
cedure  yielded  a  small  additional  improvement.  There  was  no 
significant  difference  in  the  performance  of  the  classifiers 
designed  under  the  two  different  noise  distributions.  Apply¬ 
ing  the  sequential  classifier  to  3  bauds  of  filtered  images  will 
yield  the  highest  classification  rate  |7|. 

7.  CONCLUSIONS 

Vector  linear  minimum  mean-squared  error  (LMMSE) 
fiitering  can  exploit  the  correlation  between  bands  in  a  multi¬ 
band  image  to  reduce  the  mean-squared  error  in  the  fiitered 
image.  However,  filter  performance  may  be  degraded  by  poor 
estimates  of  the  covariance  matrix.  In  our  experiments,  the 
vector  filter  did  result  in  sharper  images  than  the  scalar 
LMMSE  filter.  Maximum  likelihood  (ML)  classifiers  based  on 
a  muitiplicative  noise  model  have  a  significantly  different  and 
somewhat  simpler  structure  than  those  based  on  additive 
Gaussian  noise.  However,  the  two  approaches  do  not  result  in 
significantly  different  classifier  performance. 
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ABSTRACT 

One-look  SAR  photo  image  whicli  is  printed  in 
an  appropriate  scale  seems  to  be  speckle- 
reduced  in  some  degree  and  yet  to  Keep  a  high 
spatial  resolution.  It  is  tliought  this 
reason  is  that  gradation  caused  by 
photographic  process  and  interpretation 
process  of  human  eyes  has  the  equivalent 
effect  to  multiple  look  and  works  to  suppress 
fluctuation  of  speckies.  This  paper 
describes  a  discussion  about  photographic 
process  and  visual  effect  on  one-look  SAR 
photo  images,  and  qualitative  analysis 
results  with  respect  to  the  visual  effect. 

Keywords:  SAR,  Speckle,  One-look,  Photo  image, 
Visual  Effect,  Photographic  proces.s,  Multiple 
look 


1.  INTRODUCTION 

Synthetic  aperture  radar  Images  have  an 
inherent  noise  called  "speckle".  In  signal 
processing,  multiple  look  processing  is 
generally  applied  to  reduce  this  noise.  By 
N-look  multiple  look  processing,  standard 
deviation  of  the  intensity  fluctuation  of 
speckle  can  be  suppressed  to  1//W,  but  the 
spatial  resolution  becomes  N  times  lower. 
Standard  product  of  spaceborne  SAR,  such  as 
SEASAT  SAR,  SIR-B,  EERS-1  and  JERS-l,  is  3  or 
4  look  image. 

In  a  part  of  the  research  and  development 
project  on  observation  system  for  JERS-l, 
authors  simulated  one,  two  and  three  look 
SAR  Images  and  evaluated  them  with  several 
specialists  in  the  field  of  radar,  data 
processing  and  applications.  Figure  1.  shows 
an  example  of  the  simulated  SAR  photo  images, 
and  Tabic  1.  describes  specs  of  Ihc-Bu  photo 
images . 

In  compression  of  one-look  photo  images  and 
3-look  ones,  it  was  found  that  one-look  photo 
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images  don’t  seem  to  be  as  bad  as  expected, 
because  the  speckle  doesn't  appear 
remarkably  and  fine  spatial  detail  is 
preserved  in  them.  Although  the  standard 
deviation  of  intensity  fluctuation  of  speckle 
in  one-look  image  is  1.7  times  as  high  as 
that  in  3-look  image,  photo  images  don't  look 
different  so  much.  We  think  that  this  is  due 
to  the  gradation  caused  by  photographic 
process  and  interpretation  process  by  human 
eyes.  From  this  point  of  view,  we  study  an 
appearance  of  difference  in  number  of  look  In 
SAR  photo  images. 


Table  1.  Specs  of  SAR  Photo  Images 


No.  of  Looks 

1 

3 

Resolution 

GmxlSm 

ISmxlSm 

Pixel  spacing 

5mx5ro 

lOmxlOm 

Pixel  size  on 
film  and  paper 

50pmx50pm 

lOOumxloOnm 

Printing 

Contact 

Contact 

Photo  image  scale 

1 : 100,000 

1 : 100,000 

2.  PRODUCTION  AND  INTERPRETATION 
OF  PHOTO  IMAGE 

2.1  Concept 

Figure  2  shows  concept  of  production  and 
Interpretation  of  the  photo  Image.  Photo 
images  are  produced  from  digital  data  with  a 
photographic  system,  including  film  recorder, 
fllHi  developing,  piiniing  and  paper 
developing.  These  photo  images  are 

interpreted  in  brain  through  visual  system  of 
human  eyes.  In  these  two  transfer  systems, 
image  gradation  and  brightness  change  occur. 


♦This  study  is  a  part  of  the  national  research  and  development  project  on  observation  system 
for  Earth  Resources  Satellite-1,  conducted  under  the  program  set  up  by  the  Agency  of  Industrial 
Science  and  Technology,  Ministry  of  International  Trade  and  Industry. 
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and  the 
transfer 


degree  of  them  Is  related  to 
functions  of  these  two  systems. 


the 


2.2  Characteristics  of  Photographlo  System 

Basic  four  stages  of  the  photographic  process 
are  as  follows: 

-  Writing  image  on  film  with  the  recorder, 

-  Developing  tlie  film, 

-  Printing  image  on  paper  from  the  film, 

-  Developing  the  paper. 


Transfer  function  of  the  whole  photographic 
system  is  multiplication  of  transfer 
functions  of  each  four  stages.  Four  transfer 
functions  depend  upon  characteristics  of  the 
film  recorder,  film,  printing  instrument  and 
paper  respectively.  Gradation  which  occurs 
in  the  photograpliic  system  has  pixel 
smoothing  effect. 


in  the  case  of  photo  images  of  Figure  1, 
resolvable  performance  of  the  film  is  100  to 
200  linos  a  millimeter,  and  that  of  the  paper 
IS  50  to  60  lines  a  millimeter,  and  contact 
printing  is  done.  So  gradation  which  occurs 
at  the  last  three  stages  can  be  assumed  to  be 
negligible.  At  the  first  stage,  50pm  pixel 
appears  60pm  square  on  the  film  with  the  film 
recorder (OPTRONICS  C4300).  Gradation  caused 
by  this  stage  has  some  pixel  smoothing 
effect,  but  can  be  thought  small  In  this 
case. 


However,  In  general,  gradation  proceeds  as 
enlargement  and  generation  of  film  increase, 
for  instance  second  or  third  generation  and 
so  on.  So  gradation  won't  be  negligible  in 
such  case. 


2.3  Characteristics  of  Visual  System 

Resolvable  limitation  of  human  eyes  that  two 
adjacent  points  with  similar  brightness  can 
be  separated  Into  two  points  depends  upon  a 


cell  size  of  visual  nerve 
measurement  and  experiroert 
minimal  retinal  disparity 
0.00022  radian(Shlno,1967). 
to  about  75pm  on  the  photo 
distance  of  30cm. 


Physiological 
show  that  a 
angle  is  about 
This  corresponds 
In  viewing  at  a 


When  the  visual  resolution  Is 
the  pixel  size  in  photo  Image, 
looks  blurry,  and  it's  Impossib 
resolve  the  image  into  pixels, 
this  blur  has  the  same  effect 
look,  and  reduces  the  fl 
speckles.  The  degree  of  this 
depends  upon  a  viewing  dlstanc 
of  photo  image.  If  the  pixel 
image  is  smaller  than  visua 
this  effect  will  become  higher. 


larger  than 
each  pixels 
le  for  eyes  to 
We  think  that 
as  multiple 
actuation  of 
visual  effect 
and  a  scale 
size  in  photo 
1  resolution, 


Pixel  size  of  one-look  photo  image  in  Figure 
1  is  50pm,  and  this  is  smaller  than  75pm  that 
Is  the  visual  resolution  at  a  viewing 
distance  of  30cm.  Therefore,  gradation  of 
pixels  occurs  In  some  degree  for  one-look 
photo  image.  Pixel  size  of  3-look  photo  image 
is  100pm.  Because  this  Is  larger  than  the 


visual  resolution,  gradation  won't  occur  In 
viewing  It.  We  think  that  this  Is  the  reason 
why  one-look  Image  seems  good. 


3.  (5UAL1TATIVE  ANALYSIS  OF  VISUAL  EFFECT 

To  study  the  visual  effect  qualitatively, 
density  of  photo  image  was  digitized  by  a 
densitometer  as  shown  In  the  right  part  of 
Figure  2.  Aperture  sizes  of  the  densitometer 
were  selected  SOpm,  100pm  and  200pm.  Each 
sizes  correspond  to  the  viewing  distances  of 
about  20cm,  40cm  and  80cm  respectively. 
Figure  3  shows  density  histograms  of  the 
photo  Images  after  digitizing.  This  figure 
Includes  digital  value  histograms  of  original 
Image  and  expected  density  histograms 
obtained  by  using  only  the  relation  between 
digital  value  and  photo  density.  This 
relation  was  measured  at  the  gray  scale  which 
was  written  on  the  film  and  printed  in  the 
paper  together  with  the  image. 

-  Difference  in  the  photo  density  histograms 
between  one-look  Images  and  3-Iook  ones 
Is  much  smaller  than  that  in  the  expected 
histograms  between  them.  Expected  density 
histogram  is  assumed  to  be  the  histogram 
after  through  the  system  with  no 
gradation,  but  density  change.  Therefore, 
above  result  suggests  that  gradation  of 
the  visual  system  makes  difference  in 
appearance  between  one-look  image  and  3- 
look  one  smal I . 


At  SOpm  aperture,  histograms  of  one-looK 
photo  image  spread  wider  than  those  of  3” 
look  one.  But  at  100pm  aperture, 
histograms  of  one-look  photo  image  and 
those  of  3-look  one  ore  similar,  and  they 
come  almost  same  at  200pm  aperture.  This 
result  corresponds  to  the  fact  that  one- 
look  photo  image  and  3-look  one  seem 
different  in  viewing  at  a  short  distance 
such  as  20cm,  but  they  look  same  at  a  long 
distance  such  as  80cm. 


From  above,  we  can  think  an  appearance  of  SAR 
photo  image  as  follows:  In  interpretation  of 
the  photo  image  from  SAR  with  around  10m 
resolution  in  the  scale  of  1:100,000,  pixels 
are  blurred  by  the  visual  effect.  This  works 
the  same  as  the  multiple  look.  So  difference 
In  appearance  of  speckle  fluctuation  among 
images  with  different  look  number  becomes 
smaller,  if  the  viewing  distance  becomes 
longer.  Change  of  viewing  distance  is  equal 
to  the  change  of  the  photo  scale.  So  if  the 
scale  becomes  smaller,  the  difference  becomes 
smaller.  Change  of  the  photo  scale 
accompanies  the  photographic  process.  In 
this  case,  gradation  caused  by  this  can't  be 
negl igible. 


4.  CONCLUSION 

We  have  discussed  the  gradation  caused  by  the 
photographic  process  and  visual  effect  with 
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Figure 


One- 1 ook<above)  and  3-look(below) 
images.  The  left  is  Fulalsui  and 
Oshlma.  Scale  of  the  original  copy 


SAH  photo 
the  right  is 
is  1:100,000. 


respect  to  the  appearance  of  one-look  SAR 
photo  images.  It  is  generally  considered  that 
multiple  look  imago  is  belter  than  one-look 
imago.  However,  the  results  show  that  one- 
look  image  printed  in  the  proper  scale  seems 
to  be  speckle-reduced  and  yet  reserve  the 
fine  spatial  resolution.  So  one-look  photo 
image  becomes  very  useful  for  interpretation. 
In  the  photographic  process,  gradation 
proceeds  as  enlargement  and  generation  of 
film  .ncrease.  Therefore,  problem  about  the 
proper  image  scale  on  the  film  and  paper  is 
also  suggested. 
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ABST"  \CT 

An  airborne  imaging  spectrometer,  sensitive  at  visible  and  near- 
infrared  wavelengths,  has  been  developed  by  Moniteq  Ltd  of 
Toronto  for  the  Canadian  Department  of  Fisheries  and  Oceans. 
The  instrument  has  achieved  its  design  goal  of  imaging  the  solar- 
stimulated  fluorescence  signal  from  near-surface  phytoplankton, 
and  providing  the  data  needed  to  assess  detectability  limits  and 
environmental  effects  on  the  signal.  It  has  also  been  used  to 
acquire  imagery  over  a  wide  variety  of  water  and  vegetated  land 
targets.  This  paper  reviews  the  applications  of  the  instrument 
from  the  first  five  years  of  its  operation  in  different  parts  of  the 
world,  and  shows  examples  of  the  imagery. 

Key  words:  Imaging  spectroscopy,  chlorophyll  fluorescence, 
airoorne  remote  sensing,  plant  stress. 


INSTRUMENT  DESIGN 

The  instrument  evolved  from  the  requirement  of  the  Canadian 
Department  of  Fisheries  and  Oceans  (DFO)  for  an  improved 
sensor  for  mapping  phytoplankton  distributions.  In  the  design 
selected,  two-dimensional  array  detectors  in  CCD  (Charge- 
Coupled  Device)  cameras  built  by  Itres  Ltd  of  Calgary  are  used 
to  give  the  high  spectral  resolution  and  sensitivity  required  to 
image  solar  stimulated  in-vivo  chlorophyll  fluorescence  (Neville 
and  Gower  1977,  Gower  and  Borstad  1981).  The  instrument  was 
therefore  named  the  Fluorescence  Line  Imager  (FLI).  For  this 
puipose,  spectral  resolution  of  a  few  nm  and  signal-to-noise 
ratios  up  to  2000  to  1  are  required  in  the  spectral  range  400  to 
800nm. 

The  FLI  was  produced  by  Moniteq  Ltd  of  Toronto  in  a 
development  programme  funded  jointly  by  DFO  and  the 
Canadian  space  programme,  in  the  period  1981  to  1984.  The 
FLI  desim  (Borstad  et  ai.  1985)  is  based  on  five  CCD  arrays 
(EEV  P8600)  each  containing  385  by  288  sensing  elements,  each 
illuminated  through  a  transmission  grating  imaging 
spectrometer,  and  each  covering  a  14  degree  field  of  view.  The 
full  instrument  allows  collection  of  high  spatial  resolution  push- 
broom  images  with  1900  elements  covering  a  70  degree  swath. 
Image  data  are  collected  in  eight  spectral  bands  that  can  be 
configured  in  steps  of  1.3  nm.  A  distinct  advantage  is  that  the 
wectra!  handset  can  be  changed  easily  in  flight.  An  alternative 
CCD  readout  mode  gives  full  spectra  covering  430  to  805  nm 
with  a  resolution  of  2.5  nm,  but  with  lower  spatial  resolution 
corresponding  to  40  image  samples  across  the  same  70  degree 
swath. 

Tlie  FLI  instrument  consists  of  a  multiple  camera  head, 
controller,  data  recorder  and  cooling  unit.  It  has  been  installed 
in  a  variety  of  aircraft,  including  the  CCRS  DC3  and  Falcon 


Fanjet  aircraft,  and  a  Piper  Navajo  Chieftain  (Figure  1). 

The  FLI  has  now  been  used  to  produce  images  in  a  variety  of 
spectral  band  combinations  over  targets  on  land  and  water 
(Borstad  et  al.  1985,  Gower  et  al.  1987,  Rock  et  al.  1988,  Buxton 
1988,  Gower  and  Borstad  1988).  In  addition  to  phytoplankton 
mapping,  its  high  spectral  resolution  has  also  been  applied  to 
water  depth  and  suomerged  vegetation  surveys  along  shore¬ 
lines.  Over  land  it  has  been  applied  to  studies  of  the  detailed 
spectral  properties  of  the  chlorophyll  red  edge  for  detecting  the 
effects  of  plant  stress.  Other  uses  are  in  hydrocarbon 
exploration,  landfill  site  monitoring,  agriculture  and  atmospheric 
observations. 

These  studies  make  use  of  the  FU's  special  capability  for 
reducing  both  radiance  spectra  and  images  of  a  given  target, 
pectral  Sands  for  the  images  can  be  configured  on  the  basis  of 
the  observed  spectra. 


Figure  1.  The  FLI  iraamng  spectrometer  installed  in  a  Piper 
Navajo  Chieftain  aircraft. 
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Figure  2.  A  mosaic  image  of  Barklev  Sound  B.C.,  showing  solar- 
stimulated  chlorophyll  fluorescence  on  April  25 
1987.  A  digital  land  mask  has  been  superposed  in 
white. 


In  general,  compared  to  other  instruments  now  in  use  or  in 
development  for  remote  sensing,  such  as  AVIRIS  or  MODIS, 
the  FLi  covers  a  more  limited  spectral  range,  but  has  higher 
spectral  resolution  and  sensitivity. 


CHLOROPHYLL  FLUORESCENCE  IMAGING 

In  a  typical  txample  of  its  application  in  coa.stal  studies,  the  FLI 
was  used  in  April  1987  in  support  of  DFO's  MASS  (Marine 
Survival  of  Salmon)  programme  to  provide  aerial  coverage  of 
Barkley  Sound  (48°  SCyN,  125°  20'W)  on  the  west  coast  of 
Canada.  The  data  have  been  used  to  study  phytoplankton 
concentrations,  the  distribution  of  fronts  and  the  effects  of 
mixing  between  water  masses  in  the  Sound,  at  a  time  when 
young  salmon  leave  the  hatcheries,  lakes  and  rivers  in  this  area 
and  migrate  into  the  open  sea. 

Figure  2  shows  a  mosaic  image  of  chlorophyll  fluorescence 
emission  stimulated  by  sun  and  sky-light  for  most  of  the  area  of 
Barkley  Sound.  The  mosaic  was  formed  from  imagery  taken  on  6 
flight  lines  at  an  altitude  of  S500m,  and  covers  an  area  about 
20Km  square.  The  image  data  were  constructed  from  three  of 
the  eight  spectral  bands  of  the  FLI  (Gower  and  Borstad  1988). 
These  bands  were  located  at  659  -  673  nm,  shortward  of  the 
fluorescence  region,  673  -  687  nm,  which  is  set  to  cover  the 
chlorophyll  fluorescence  emission  centred  at  685  nm,  while 
avoiding  the  absorption  band  due  to  atmospheric  oxygen  at 
wavelengths  longer  than  687  nm,  and  713  -  718  nm  where 
atmospheric  absorption  is  again  at  a  minimum.  The  grey  levels 
of  Figure  2  correspond  to  fluorescence  emission  from, 
chlorophyll  concentrations  in  the  range  0.5  to  5mg.m''’. 

The  narrow-band  fluorescence  signal  was  found  to  be  relatively 
insensitive  to  broader-band  atmospheric  and  surface  reflectance 
effects,  making  it  a  useful  remote  sensing  indicator  of 
phytoplankton  concentrations. 

Figure  3  shows  a  smaller  area  of  the  sound  about  4  km  square 
with  a  spatial  resolution  of  about  20m,  where  phytoplankton 
contrast  was  particularly  strong.  The  small  scale  structure 
characteristic  of  advected  phytoplankton  is  visible  in  the 
fluorescence  signal  but  not  at  adjacent  wavelengths  where  this 
signal  is  absent. 


Figure  3.  An  area  of  high  chlorophyll  fluorescence  contrast, 
about  4  km  square,  from  the  data  illustrated  in 
Figure  2.  Chloroplwll  concentrations  are  in  the 
range  1  to  4mg.m‘‘^ 


An  upper  limit  to  the  noise  level  of  the  fluorescence 
observations  can  be  estimated  from  the  radiance  differences 
benveen  adjacent  pixels  in  Figure  3.  These  are  independent 
measurements  with  the  FLI.  Some  of  the  differences  will  be  due 
to  real  fluorescence  variations,,The  deduced  r.m.s.  variation  of 
each  pixeUs  about  0.003  W/m'^.sr.pm,  equivalent  to  about  0.1  to 
0.2  mg.m--’. 

With  images  similar  to  Figures  2  and  3,  the  FLI  has 
demonstrated  that  remote  imaging  of  solar  stimulated 
chlorophyll  fluorescence  is  indeed  possible.  The  narrow-band 
fluorescence  signal  was  found  useful  for  mapping  phytoplankton 
concentrations.  Also,  the  fluorescence  emission  is  closely  linked 
to  cell  physioloCT,  and  can  vary  with  nutrient  status,  species 
composition  and  growth  rate.  In  some  studies,  the  fluorescence 
yield  has  been  shown  to  be  inverse^  related  to  the  rate  at  which 
phytoplankton  biomass  is  formed.  This  is  an  essential  parameter 
in  the  study  of  ocean  and  coastal  ecosystems. 

In  general  it  appears  that  remote  sensing  of  chlorophyll 
fluorescence  will  represent  a  powerful  new  tool  for  aquatic 
studies. 


OTHER  APPLICATIONS  OVER  WATER 

The  high  sensitivity  and  spectral  resolution  of  the  FLI  make  it 
also  useful  for  measurements  of  shallow  water  bathymetry  and 
for  benthic  plant  surveys.  For  bathymetric  measurements 
(O'Neill  et  al.,  1986)  spectral  bantfs  were  clustered  in  the 
wavelength  range  of  maximum  coastal  water  penetration  (500  - 
600nm),  together  with  a  longer  wave  band  to  define  atmospheric 
path  radiance,  and  a  shorter  wave  band  to  measure  chlorophyll 
concentration  by  the  "green  to  blue  ratio"  method.  An  example 
of  a  resulting  bathymetric  image  is  shown  in  Figure  4.  Here  the 
imagery  has  been  geometrically  corrected  using  the  output  from 
an  inertial  navigation  system,  so  that  image  data  can  be 
compared  with  existing  charts.  Comparison  indicates  differences 
of  0.5m  in  shallow  water,  increasing  to  1.5m  in  depths  greater 
than  5m. 
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Figure  4  Geocoded  water  depth  image  for  depths  in  the  range 
0-3m,  constructed  from  FLI  output. 


Figure  6.  A  comparison  of  spectral  and  imaging  mode  data  of  a 
forested  region.  Spectral  mode  data  was  collected 
at  a  lower  altitude. 


Figure  5.  Imaging  mode  data  of  the  Albion-Scipio  oil-field  in 
Michigan  USA. 


For  benthic  plant  resource  assessment,  the  spectral  bands  can  be 
set  to  cover  a  wider  spectral  range  which  includes  both  the  500  - 
600nm  water  penetration  region  and  the  "red  edge"  region,  690 
to  740nm,  where  chlorophyll  reflectance  rises  steeply  with 
increasing  wavelength.  An  experimental  survey  of  a  laminaria 
(kelp)  harvesting  area  near  Yarmouth,  Nova  Scotia,  on  the  east 
coast  of  Canada  was  carried  out  with  the  FLI  in  July  1985 
(Mouchot  et  ah,  1987).  In  a  comparison  with  aerial  photography, 
FLI  imagery  was  found  capable  of  identifying  laminaria  growing 
in  deeper  water,  and  of  extending  the  depth  range  surveyed  to 
beyond  the  limit  of  maximum  laminaria  growth. 


APPLICATIONS  OVER  LAND 

Over  land,  applications  have  concentrated  on  the  properties  of 
the  chlorophyll  red  edge,  which  is  the  dominant  spectral  feature 
in  the  visible  reflectance  spectrum  of  plants.  The  imaging  mode 
of  the  FLI  produces  high  quality  imagery  whose  bands  can  be 
selected  as  described  above.  Figure  5  shows  a  section  of  an 
inage  taken  over  the  Albion-Scipio  oil-field  in  Michigan  USA  as 
part  of  a  survey  of  plant  stress  due  to  hydrocarbon  seepages. 

Operation  in  the  spectral  mode  give  full  spectra  with  2.5nm 
resolution  over  the  optical  range  430  to  805nm.  The  spectra  are 
collected  as  288  band  push-broom  imagery  from  40  different 
look  directions,  giving  lower  spatial  resolution  imagery  as  shown 
in  Figure  6. 

Since  the  spectrum  of  each  pixel  of  the  spectral  mode  data  is 
available,  detailed  comparisons  can  be  made  of  the  spectral 
reflectance  of  different  areas  in  a  study  region.  The  areas  can  be 
selected  from  the  low-resolution  spectral  mode  imagery,  and 
regions  of  the  spectrum  of  special  interest,  for  example  that 
including  the  chlorophyll  red  edge,  can  be  extracted  as 
illustrated  in  Figure  7.  T^is  feature  is  known  to  exhibit 
vaiiuiioiis  ill  shape  and  in  iiieuii  waveieiigih  position,  when 
vegetation  is  stressed  by  abnormal  environmental  conditions. 
These  conditions  include  -lospherlc  pollution,  precipitation 
pH,  metal,  hydrocarbon  ai  >  <ic  substance  concentrations  in 
the  soil,  and  climatic  variatio  ..  Special  image  processing  has 
been  applied  to  FLI  imagery  to  produce  images  whose 
brightness  values  correspond  to  red  edge  position  (Figure  7). 
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Figure  7.  A  stress  image  derived  from  data  collected  in  the 
spectral  mode  of  the  FLI.  The  upper  spectral 
curves  are  model  flts  to  the  data  indicating  a  blue 
shift  in  an  area  of  known  geochemical  anomaly. 


A  comparison  of  the  vegetation  stress  parameters  derived  from 
FLI  imagery  and  spectral  mode  data  from  an  oil  field  adjacent 
to  Albion-Scipio  snowed  an  encouraging  correlation  with  soil 
gas  measurements  (Reid  et  al.,  1988).  Similar  effects  have  been 
observed  at  mineralized  sites  due  to  high  metal  concentrations. 
These  results  show  the  potential  of  the  technique  as  an 
exploration  tool. 


CONCLUSIONS 
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has  evolved  from  experience  with  the  FLI. 

Both  the  FLI  and  the  CASI  have  higher  spectral  resolution  and 
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ABSTRACT 

In  this  paper  we  describe  a  new  Instrument,  the  Compact 
Airborne  Spectrographlc  Imager  (C.xSI).  which  Is  capable  of 
operating  In  light  aircraft  and  acquiring  visible  and  near 
Infrared  Imagery  in  digital  form.  The  instrument  consists  of 
the  sensor  head.  Instrument  Control  Unit  and  Power  Supply 
Module,  together  with  a  monitor  and  keyboard.  An  f/4 
reflection  grating  spectrograph  Is  coupled  to  a  CCD  area 
sensor,  providing  a  resolution  of  578  spatial  pixels;  the 
spectrum  from  450-950  nm  for  each  spatial  pixel  Is  dispersed 
across  288  spectral  pixels.  To  achieve  manageable  data 
rates,  two  operatlngmodes  are  defined.  Multlsnectral  Imagine 
mode,  which  provides  maximum  spatial  resolution  fora  limited 
number  of  spectral  bands,  and  Multispectrometer  mode.  In 
which  full  spectra  are  collected  for  a  limited  number  of  points 
In  the  scene.  Flight  data  may  be  played  back  on  the 
Instrument  Itself,  or  on  a  PC  for  calibration  and  transcription 
to  files  for  image  processing. 

Keywords:  imaging  spectroscopy 

airborne  instrumentation 
multispcctral  imaging 


introduction 


Throughout  the  world,  multlspectral  remote  sensing  Is 
becoming  Increasingly  Important  for  obtaining  resource 
inventories,  performlngenvlronmental  monitoring,  andaldlng 
In  the  planning  of  land  and  resource  usage.  At  the  same  time, 
the  accelerating  demand  for  data  In  digital  form  has  prompted 
interest  in  Instruments  capable  of  directly  recording  digital 
Imagery.  In  particular  Imaging  spectrographs  such  as  the 
Fluorescence  Line  Imager  (Gower,  this  proceedings)  have 
appeal  because  or  their  total  flexibility  In  the  choice  of 
wavelength  and  bandwidth  of  spectral  bands. 

Despite  their  advantages  over  filter-based  scanners, 
however,  the  use  of  airborns  Imaging  spectrographs  has  been 
limited,  primarily  due  to  the  fact  that  there  are  few 
instruments  available,  and  the  cost  of  building  and  flying 
those  Instrument.,  Is  relatively  high. 

In  order  to  overcome  these  difficulties,  a  new  Instrument,  the 
Compact  Airborne  spectrographlc  Imager  (CASH  has  been 
developed.  The  CASI  was  designed  with  the  following  goals  In 
mind; 


(1)  High  performance  VNIR  pushbroom  Imaging 
spectrograph  (high  sensitivity,  high  resolution,  wide 
dynamic  range). 

(2)  Compact  and  easily  transported  (checked  luggage). 

(3)  Easily  installed  In  small  planes  (aerial  camera  mount). 

(4)  Simple  to  operate  (non-expert). 

(5)  Low  Cost  (Instrument,  operation  and  processing). 
instrument  Description 

A  block  diagram  of  the  Instrument  Is  shown  In  Figure  1.  The 
spectrograph  and  CCD  detector  are  located  In  the  Sensor  Head, 
while  data  handling  and  control  are  performed  by  the 
Instrument  Control  Unit  (ICU).  The  operator  Interacts  with 
the  ICU  via  a  keyboard  and  monitor.  The  Power  Supply  Module 
(PSM)  generates  the  necessary  voltages  for  the  Instrument. 

The  Sensor  Head  Is  normally  Installed  with  the  objective  lens 
oriented  downwards  such  that  a  line  across  the  flight  path  Is 
Imaged  onto  the  spectrograph  silt  (Figure  2).  The  field  of 
view  can  be  selected  between  15'  and  60'  by  substitution  of 
different  fore-optic  lenses.  Light  emerging  from  the  slit  Is 
collimated  and  dispersed  by  the  reflection  grating.  The  beam 


Figure  1  Block  Diagram  of  the  instrument 
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In  principle  one  would  like  to  record  all  of  the  pixels  In  each 
CCD  frame.  However,  this  results  In  a  relatively  large 
quantity  and  rate  of  data.  For  example,  If  a  modest  scan  rate 
of  60  frames/sec  Is  assumed,  the  required  throughput  would 
be: 

Data  Rate  =  678  x  288  pixels/frame  x  60  frames/sec  x  2 
bytes/plxel  =  16.6  MB/sec 

A  one  hour  flight  would  produce  60  Gigabytes  of  data!  At  the 
present  time,  this  quantity  and  rate  of  data  (both  recording 
and  analysis)  Is  Inconsistent  with  a  low  cost  philosophy. 

Clearly,  selectivity  Is  the  key  to  obtaining  manageable  data 
rates.  The  CASl  provides  two  distinct  modes  of  sensor  readout 
to  effect  this.  In  Multlsoectral  Imaging  Mode,  the  Instrument 
can  be  programmed  to  sum  the  data  from  adjacent  rows  on  the 
CCD  Sensor  In  order  to  form  arbitrary  but  nonoverlapping 
spectral  bands  (Figure  4).  This  provides  the  ability  to  obtain 
maximum  spatial  resolution  (678  pixels)  for  a  limited  number 
of  spectral  bands. 


Figure  2  CASI  Optical  System 


Is  then  focused  onto  the  CCD.  There  Is  a  motorized  Iris  that 
can  be  used  to  set  the  focal  ratio  at  f/4  or  f/U. 

The  sensor  Is  a  thermoelectrlcally  cooled  P86620  series  frame 
transfer  device  manufactured  by  EEV  Inc.  (Chelmsford,  UK). 
The  chip  Image  area  contains  578  x  288  pixels  (each  16  x  22u. 
The  format  Is  shown  In  Figure  G.  The  CCD  Is  oriented  to 
obtain  578  pixels  of  spatial  resolution  across  the  flight  path. 
The  spectrum  Is  dispersed  along  the  columns  of  the  CCD, 
providing  288  spectral  resolution  elements  (each  1 .8  nm  wide) 
and  covering  the  spectral  range  from  450-960  nm. 
Alternative  spet.ral  ranges  can  be  obtained  by  changing  the 
grating  and/or  Its  angle.  Successive  sensor  readouts  result 
In  a  two-dimensional  multlspectral  Image  along  the  flight 
path. 
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Figure  4  Multlspectral  Imaging  Mode  Operation 
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Figure  6  Multlspectrometer  Mode  Operation 
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Figure  6  Data  Processing  Sequence 


In  Multlsnectrometer  Mode,  the  reverse  Is  true:  that  Is.  all 
288  spectral  elements  are  collected  for  each  of  a  limited 
number  of  "look  directions"  (Figure  5).  The  number  and 
spacing  of  the  look  directions  Is  programmable.  It  has  also 
been  found  convenient  to  collect  a  full  scene  Image  at  one 
wavelength  (as  In  Imaging  Mode)  In  order  to  permit  correlation 
of  the  spectral  data  with  features  In  the  scene. 
Multlspectrometer  mode  Is  useful  for  algorithm  development 
and  other  situations  where  detailed  spectra  are  of  Interest, 
and  where  reduced  spatial  resolution  can  be  tolerated. 

The  mode  and  configuration  are  defined  by  the  operator  prior 
to  the  start  of  data  collection  through  a  menu-driven  user 
Interface  (configurations  may  be  saved  and  retrieved).  A 
real-time  display  presents  a  pseudocolour  or  grey-scale 
Image  of  any  band,  and  signal  levels  are  monitored 
graphically.  Data  are  recorded  on  an  Exabyte  EXB-8200 
digital  helical  scan  tape  recorder.  This  unit  provides  2  GB 
capacity  on  a  single  8mm  video  cassette.  The  maximum  record 
rate  Is  about  200  KB/sec.  This  results  In  a  maximum  scan  rate 
of  100  llnes/sec  for  a  single  band.  For  multiple  bands  the 
achievable  scan  rate  Is  reduced  accordingly. 

Data  Analysis 

A  useful  feature  Is  the  QUIKLOOK  program,  which  provides  the 
ability  to  play  back  data  tapes  In  order  to  "re-fly"  flight 
lines.  This  program  can  be  run  on  the  Instrument  Itself  In 
the  field:  It  can  also  run  on  a  PC  equipped  with  an  Exabyte 
drive  as  part  of  the  data  extraction  and  calibration  process, 
shown  In  Figure  6.  The  QUIKLOOK  program  Is  capable  of 
producing  'time-tag'  files  containing  start  and  end  times  for 
segments  of  Interest.  The  CASI  Magtape  To  Disk  (CMTD) 
program  takes  the  time  tag  file  (or  manually  entered  times) 
as  Input,  reads  back  the  recorded  tapes  and  produces  disk 
flies  for  selected  bands  (Imaging  Mode)  or  look  directions 
(Multlspectrometer  Mode).  The  disk  files  are  presently 
general  jd  In  a  format  compatible  with  the  EASI/PACE  Image 
processing  package  produced  by  PCI  Inc.  The  CMTD  program 
optionally  performs  dark  current  removal  and  radiometric 
calibration  on  the  raw  data. 

Figure  7  shows  an  uncorrected  Image  of  the  confluence  of  the 
Fraser  and  Stave  Rivers  obtained  by  the  CAS!  on  Feb.  8, 1989 
from  an  altitude  of  1500  m.  Smoke  from  the  sawmill  Is  visible, 
as  are  shore  Ice,  log  booms  and  bridge  pylons. 


Conclusion 

A  summary  of  the  Instrument  specification  Is  given  In  Table 
1.  The  CASI  represents  a  powerful  new  tool  for  the 
multlspectral  remote  sensing  community.  Plans  for  future 
enhancements  to  the  instrument  Include  an  Irradlance  sensor 
to  measure  the  downwelllng  flux  (this  will  simplify 
computation  of  reflectance  values).  Incorporation  of  attitude 
and  navigation  data  (to  enable  resampling  for  Input  to 
Geographic  Information  Systems),  and  extension  of  spectral 
sensitivity  Into  the  Infrared  region. 


Figure  7  samplelmageryoftheFraserRlverobtalnedFeb. 

8,  1989  at  an  altitude  of  1600  m.  The  Image  Is 
a  composite  of  Band  2  (705-712nm),  Band  3 
(632-642  nm)  and  Band  4  (466-477  nm). 


Table  I 


Summary  of  Instrument  Specifications 


Swath  (FOV) 
Spectral  Range 
Spatial  Resolution 
Spectral  Resolution 
Aperture 
Sensitivity 

Dynamic  Range 
Line  Rate 
Recording 

Mass 

Power 

Temperature 


16®  -  60® 


460  -  960  nm 
578  pixels 

288  pixels  (1.8  nm  each) 

f/4  orf/n 

0.08  uWcnr*sr»nitr‘«60  llnes/sec 
Noise  Equivalent  Radiance  at 
636  nm 

12  bits 

Up  to  100  llnes/sec 

Digital  helical  scan  tape  recorder, 
2  GByte  or  2  hour  capacity 

66  Kg 

no  VAC.  2.5  A 

6  to  40®  C  operating 
-20  to  60®  C  storage 
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Abstract 

Novel,  spectral  separation  technology  lies  at  the 
heart  of  new  instrument  strategies  being  conceived  for 
advanced  earth  observation.  The  simplification  of  the 
optical  design  with  spectral  separation  on  the  focal 
plane  Instead  of  the  optical  system  Is  demonstrated  In 
a  sensor  design  concept  for  low  earth  orbit  of  a  high 
spectral  and  spatial  resolution  Environmental  Imaging 
Spectrometer  (EIS).  The  EIS  would  offer  126  spectral 
bands  from  0.4  to  2.5  urn  with  bandwidths  ranging  from 
6  to  40  nm.  Excellent  radiometric  sensitivity  and 
accuracy  combined  with  the  high  spectral  and  spatial 
resolution  of  the  EIS  would  enable  researchers  to 
analyze  phenomenology  of  the  atmosphere,  ocean,  and 
land. 

Key  Words:  Low  Earth  Orbit,  Imaging  Spectroscopy, 
Mineraloglcal,  Biological,  "Red-edge",  BRDF,  EIS,  The¬ 
matic  Mapper,  Sensor. 

1.  Sensor  Requirements 

Scientists  have  for  many  years  expressed  a  desire  to 
map  the  mineraloglcal  and  biological  composition  of 
the  Earth's  surface  from  space.  The  major  Impediment 
to  this  goal  is  access  of  sufficiently  detailed  spec¬ 
tral  information  to  match  spectral  signatures  of  sur¬ 
face  materials  (Vane  and  Goetz,  1988).  A  major  result 
has  been  the  definition  of  the  Hlgh-Resolutlon  Imaging 
Spectrometer  (HIRIS)  Instrument  for  Eos,  which  offers 
continuous  spectral  coverage  at  10  nm  resolution  from 
0.4  to  2.5  vm  with  a  spatial  resolution  of  30  m  from 
low  earth  orbit. 

An  examination  of  the  reflectance  spectra  of  rocks, 
soils,  and  vegetation  (Figure  1)  Indicates  that  con¬ 
tinuous  spectral  coverage  at  constant  10  nm  resolution 
Is  not  absolutely  essential  to  perform  the  majority  of 
the  science  objectives  of  imaging  spectroscopy.  Some 
of  the  spectral  features  of  Interest  are  sharp  enough 
that  10  nm  or  even  finer  resolution  is  needed.  How- 
eveiT,  Bimip  apccLrul  feuturcs  are  not  uniformly  dis¬ 
tributed  throughout  the  entire  0.4  to  2.5  pm  spectral 
range.  As  a  result.  It  is  possible  to  relax  the  spec¬ 
tral  resolution  requirement  in  portions  of  the  spec¬ 
tral  range  without  substantially  compromising  the 
spectral  resolution  requirement  In  portions  of  the 
spectral  range  without  substantially  compromising  the 
spectral  signature  matching  goal  (Elvidge,  1987;  Feld¬ 
man  und  Taranik,  1988;  Kutslnpiller,  1988).  Table  1 
delineates  a  set  of  bands  that  have  been  developed  for 
both  geological  and  biological  feature  identification 


requirements  developed  by  the  Desert  Research 
Institute. 

The  spectral  features  of  green  leaves  and  Iron  oxide 
minerals  In  the  visible  spectral  region  generally 
require  10  to  20  nm  resolution,  so  that  15  nm  bands 
appear  adequate  in  this  region.  In  the  red,  and  near 
Infrared  region,  however,  shifts  on  the  order  of  5  nm 
in  location  of  the  sharply  defined  red  edge  of  tue 
chlorophyll  pigment,  as  shown  in  Figure  1,  offer 
Information  on  the  physiological  condition  of 
plants.  Therefore,  spectral  resolution  of  10  nm  Is 
not  fully  adequate  here.  The  imaging  spectrometer  for 
this  application  should  provide  the  finest  resolution 
possible  across  the  chlorophyll  red  edge  region  (0.66 
to  0.80  pm).  Further  out  in  the  Infrared  (0.80  to 
2.5  urn),  many  features  of  Interest  can  be 
discriminated  with  coarser  spectral  resolution,  and 
these  latter  relaxed  specifications  reduce  the  cost 
and  risk  associated  with  sensor  development.  The  2.0 
to  2.5  pm  region  contains  a  large  number  of  fine 
spectral  features  from  lignin,  cellulose,  and  a 
variety  of  minerals;  therefore,  the  imaging 
spectrometer  for  this  region  should  have  the  finest 
spectral  resolution  and  sampling  interval  possible. 

A  spatial  resolution  of  30  m  for  all  channels  and 
signal-to-noise  ratio  (SNR)  of  greater  than  150:1  for 
surfaces  having  50Z  albedo  are  required.  Stereo  and 
bidirectional  reflectance  distribution  function  (BRDF) 
measurement  capabilities  are  required  with  a  four-day 
minimum  repeat  coverage  cycle.  These  requirements, 
provided  by  the  Desert  Research  Institute,  have  been 
used  by  Santa  Barbara  Research  Center  (SBRC)  to  design 
an  Instrument  concept  called  the  Environmental  Imaging 
Spectrometer  (EIS). 

2.  EIS  Instrument  Concept 

Figure  2  Illustrates  the  EIS  concept  that  fulfills  the 
spectral  requirements  of  Table  1,  as  well  as  the  other 
spatial  and  radiometric  requirements  of  the  previous 
section.  Figure  3  shows  the  EIS  scene  geometry.  At 
the  orbital  altitude  of  824  km,  and  spatial  resolution 
of  30  m,  an  11.52  km  swath  can  be  covered  with  an  in¬ 
strument  field  of  view  of  0.80  degrees  and  a  cross¬ 
track  detector  array  length  of  384  elements.  As  a  re¬ 
sult,  the  EIS  can  use  a  pushbroom  configuration  with¬ 
out  unduly  taxing  the  optics  field  of  view,  focal 
plane  size,  data  races,  or  cooling  requirements.  The 
narrow  swath  and  pushbroom  configuration  reduce  sensor 
complexity  significantly  while  still  permitting  data 
acquisition  over  any  spatial  region  of  Interest  by 
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Figure  1.  Reflectance  spectra  for  sycamore  (left)  and  for  rock  materials  from  the  Virginia  Range  (Right) 
(Provided  by  Chris  Elvldge  of  the  Desert  Research  Institute.) 


Table  1.  EIS  Performance  Requirements 


Spectral  Region 

1 

2 

3,  A 

5 

Wavelength 

Range  (pm) 

0,4-0.66 

0.66-0.80 

0.8-1. 0-2.0 

Spectral 

Leaves ; "Red- 

"Red  Edge" 

Rocks ; 

Lignocellulose; 

Features 
of  Interest 

Iron  -Oxide 

Shifts 

Soils 

Minerals 

Number 
of  Bands 

18 

25 

42 

41 

Spectral 

Sampling  (nm) 

15 

6 

30 

12.5 

Bandwidth 

1 

10-14 

6-8 

20-40 

20-25 

using  a  two-axis  pointing  capability.  The  size  of  the 
instrument  concept,  1.1  m  (1)  x  0.9  m  (w)  x  0.45  m  (h) 
Is  smaller  than  would  be  an  equivalent  system  that 
used  a  prism  or  grating  spectrometer  for  spectral  sep- 
arat'on.  A  Thematic  Mapper-type  radiative  cooler  is 
used  to  cool  the  Infrared  detectors  to  140K.  The  es¬ 
timated  weight  is  90  kg  and  the  total  estimated  power 
dissipation  is  200  W  The  raw  instrument  data  rate  at 
lOOZ  duty  cycle  Is  estimated  to  be  109  Mbps  for  all 
channels. 

A  four-day  repeat  coverage  can  be  attained  by  stepping 
the  field  of  view  In  the  cross-track  direction  to  any 
position  within  ±24  degrees.  Along-track  pointing  to 
any  position  within  ±45  degrees  Is  provided  for  mea¬ 
suring  BRDF  and  for  performing  atmospheric  correc¬ 
tion.  Pointing  will  also  permit  acquisition  of  stereo 
Imagery.  Pointing  along  track  to  an  angle  of  90  de¬ 
grees  is  possible  for  viewing  the  on-board  solar  dif¬ 


fuser.  Pointing  Is  achieved  with  a  single  elliptical 
two-axis  pointing  mirror,  approximately  38  cm  long  In 
the  cross-track  direction  and  22  cm  wide  In  the  along- 
track  direction. 

3.  Focal  Plane  Spectral  Separation 

Special  dielectric  filter  techniques,  under  develop¬ 
ment  by  Santa  Barbara  Research  Center  under  IR&D, 
offer  the  flexibility  and  high  performance  of  an  imag¬ 
ing  spectrometer  In  a  very  compact  package.  The  spe¬ 
cially  designed  filters  are  mounted  directly  on  the 
detector  array,  avoiding  the  use  of  bulky  and  expen¬ 
sive  grating  or  prism  systems  and  their  associated  op¬ 
tics.  A  schematic  comparison  of  the  special  SBRC  fil¬ 
ter  system  to  a  prism  spectrometer  system  is  shown  In 
Figure  4.  The  filter  system  offers  significantly  re¬ 
duced  system  design  complexity.  Although  all  bandsare 
spatially  Imaged  onto  different  ground  locations 
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Figure  2.  The  EIS  Instrument  Is  designed  specifically  to  attain  the  environmental  science  goals. 


as  shown  In  the  figure,  their  relative  locatl  )n8  on 
the  focal  plane  are  fixed  by  the  focal  plane  gei aetry; 
therefore,  post  processing  taking  account  of  the  sen¬ 
sor  ground  track  motion  allows  accurate  band-to-band 
registration. 

The  sensor  design  requires  two  focal  planes:  (1)  a 
burled-channel  CCD  Imager  (0.4  to  1.0  pm)  and  (2)  a 
modular  388  x  80  HgCdTe  Imager  (1.0  to  2.5  pm).  Read¬ 
out  In  the  CCD  uses  floating  gate  technology,  while 
the  HgCdTe  focal  plane  uses  SBRC-developed  Multlspec- 
tral  Linear  Array  (MLA)  technology.  These  high- 
performance  focal  planes  result  In  excellent  radio¬ 
metric  sensitivity.  Five  special  SBRC  dielectric  fil¬ 
ters,  each  custom-tailored  to  one  spectral  region  In 
Table  1,  are  mounted  to  these  focal  planes.  This 
configuration  results  In  a  total  ol  12b  spectral  bands 
from  0.4  to  2.5  pm.  Figure  5  shows  the  resulting 
sampling  Interval  and  bandwldths  achievable  with  this 
technology.  The  bandwidth  variation  shown  In  the  fig¬ 
ure  Is  a  result  of  the  filter  manufacturing  tech¬ 
nique.  This  variability  of  the  bandwidth  results  In 
undersampling  and  over-sampling  for  a  fixed  sampling 
Interval.  This  effect  dies  not  degrade  the  perform¬ 
ance  or  calibration  of  the  Instrument. 


Figure  4.  Schematic  comparison  of  the  filter 
approach  to  spefctral  separation  to 
a  prism  spectrometer  system. 

4.  Optics 

To  accomplish  the  EIS  science  mission,  high  Image 
quality  throughout  the  spectral  range  must  be  attained 
with  high  spectral  transmittance.  In  the  EIS  optical 
design,  a  concentric,  two-mirror  Ritchey  Chretien  tel¬ 
escope  was  selected  because  It  Is  compact  and  has  ex¬ 
cellent  Image  quality  throughout  the  field  of  view. 
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Figure  5.  Sampling  Interval  and  bandwidth  va. 

wavelength  for  the  E1S<  The  EIS  has 
126  spectral  channels. 

No  prisms  or  gratings  are  used  In  the  design  since 
full  spectral  separation  Is  achieved  on  the  focal 
plane.  An  Image  derotator  Is  Incorporated  to  correct 
for  the  rotation  that  will  be  encountered  In  turning 
the  pointing  mirror  In  the  along-track  direction.  A 
two-mlrror  reloaglng  system  Is  employed  to  focus  all 
bands  within  the  dewar.  A  telecentrlc  design  uses  two 
aspherlcs  modified  from  a  Ritchey  Chretien  form,  pro¬ 
viding  an  f/4  converging  beam  and  a  flat  focal  plane. 


ALBEDO 


SNR  after  almosphonc  correction,  Plot  includes  every  ether  channel 


Figure  6.  Predicted  radiance  at  the  sensor  and  JNRs, 
corrected  for  atmospheric  radiance,  with 
respect  to  wavelength  at  IZ,  lOZ,  and  50Z 
albedo. 

5.  Slgnal-to-Nolse  Ratio  (SNR) 


from  LOWTRAN  6  and  SNR  after  atmospheric  correction 
are  shown  In  Figure  6.  Three  radiance  and  SNR  for 
different  albedos;  IZ,  lOZ,  and  50Z  are  plotted.  The 
SNRs  predicted  for  the  EIS  are  achievable  because; 

•  Along-track  (pushbroom)  scanning  configuration 
results  In  long  dwell  times. 

•  There  are  broad  spectral  bandwldths  In  all  re¬ 
gions,  except  for  the  0.66  to  0.80  im  region, 
without  compromising  fine  channel  spaclngs. 

•  Focal  planes  have  low  detector  dark  current  and 
readout  noise. 

6.  Summary  and  Conclusions 

The  Environmental  Imaging  Spectrometer  (EIS)  concept 
uses  state-of-the-art  detector  and  spectral  separation 
technology  to  provide  high  spatial  and  spectral  reso¬ 
lution  from  low  earth  orbit  In  a  compact  Instrument. 
The  resulting  concept  has  126  spectral  bands  from  O.A 
to  2.5  im  with  varying  resolution  and  sampling.  Spa¬ 
tial  resolution  of  30  m  Is  achieved  In  a  11.52  km 
swath.  Pointing  along-track  and  cross-track  provides 
additional  flexibility  for  acquiring  stereo  Imagery, 
BRDF  measurements,  atmospheric  correction,  and  rapid 
revisit.  Designed  to  meet  the  science  objectives  of 
the  user  community  while  minimizing  size,  weight, 
power,  data  rate,  and  cost,  the  EIS  Is  an  attractive 
solution  for  high  spatial  and  spectral  resolution  re¬ 
mote  sensing  from  low  earth  orbit. 
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ABSTRACT 

New  sensor  development  requires  a  translation  of 
scientific  requirements  into  functional  requirements  to  guide 
the  engineering  design  of  an  instrument.  We  have 
developed  a  model  to  aid  in  the  design  of  the  High  Resolution 
Imaging  Spectrometer  (HIRIS),  a  facility  instrument  slated  for 
the  EOS  mission  .  The  model  is  based  on  the  concept  that 
scientific  requirements  for  an  imaging  spectrometer  can  be 
stated  in  terms  of  the  absolute  error  allowable  in  determining 
the  abundance  of  a  given  surface  material  in  the  presence  of 
others.  Pure  end  member  materials  are  represented  by  a  library 
of  spectral  reflectance  curves.  For  any  library  and  a  required 
abundance  accuracy,  the  model  yields  values  of  spectral  and 
radiometric  resolution  required.  The  latter  can  be  expressed  in 
terms  of  signal-to-noise  ratio.  These  parameters  can  be 
translated  into  optics  performance  and  data  rates  that  ultimately 
determine  the  cost  of  the  instrument. 

Key  Words:  imaging  spectrometry,  HlRlS,  spectral  unmixing, 
instrument  design,  EOS 

INTRODUCTION 

The  challenge  of  earth  remote  sensing  from  space  and 
also  its  curse  is  that  the  results  are  of  Interest  to  such  a  wide 
variety  of  users  and  discipUnes.  Since  the  advent  of  Landsat  in 
1972,  this  phenomenon  has  led  to  the  "design  by  committee" 
technique  for  each  new  imaging  sensor.  The  discipline 
scientists  in  these  committees  are  typically  asked  to  state  their 
requirements  for  spatial  resolution,  swath  width  and  number 
and  placement  of  spectral  bands.  More  often  than  not,  these 
requirements,  or  more  aptly  desires,  were  comprised  by 
engineering  realities,  limitations  imposed  by  weight,  power, 
data  rate,  pointing  stability  and  technology.  In  the  last  decade, 
advances  in  technology  have  greatly  increased  the  number  of 
engineering  options  available  to  the  discipline  scientist  and 
made  the  choices  concomitantly  more  difficult.  "Wer  die  Wahl 
hat,  hat  die  Qua!"  aptly  expresses  the  dilemma  faced  by 
committee  members  confronted  with  decisions  on  the  new 
breed  of  sensors,  imaging  spectrometers. 

Imaging  spectrometry  of  the  earth  (Goetz,  et  al,  1985)  has 
greatly  eiihaiii.ed  our  ability  to  identify  surfaee  cover  dlrecily, 
through  analysis  of  complete  reflectance  spectra  on  a  pixel  basis 
(Vane  and  Goetz,  1988).  The  acquisition  of  reflectance  data  in 
contiguous  narrow  spectral  bands  has  removed  the 
requirement  to  select  a  limited  number  of  bands  in  the  sensor 
and  has  shifted  the  responsibility  to  the  investigator  during  data 
analysis.  In  spite  of  advances  in  technology,  data  rates  are  still  a 
limiting  factor  in  data  acquisition  from  orbit.  Therefore,  trade¬ 
offs  are  necessary  among  spatial  and  spectral  resolution,  swath 


width,  and  encoding.  Signal-to-noise  ratio  is  another  cost 
driver  in  imaging  spectrometer  design  that  must  be  addressed 
in  an  objective  manner. 

The  development  of  an  instrument  as  complex  and 
costly  as  the  High  Resolution  Imaging  Spectrometer  (HIRIS)  for 
the  NASA  Earth  Observing  System  (EOS)  (Goetz  and  Herring, 
1989,  Goetz  et  al,  1987)  requires  a  quantitative  approach  to  the 
development  of  scientific  requirements  and  the  related 
functional  requirements  (Goetz  and  Calvin,  1987).  In  this  paper 
we  describe  a  model  that  relates  scientific  requirements  stated  in 
terms  of  the  absolute  error  allowable  in  determining  the 
abundance  of  a  given  surface  material  in  a  pixel,  in  the  presence 
of  others,  to  instrument  requirements  for  spectral  and 
radiometric  resolution.  The  technique  used  is  spectral 
unmixing  of  a  pixel  composite  spectrum  from  a  library  of 
spectral  reflectance  curves  of  pure  end-member  materials. 

HIRIS 

The  High  Resolution  Imaging  Spectrometer  is  designed 
to  acquire  images  in  192  spectral  bands  simultaneously  in  the 
0.4-2, 5)im  wavelength  region.  HIRIS  is  a  targeting  rather  than  a 
continuous  acquisition  instrument  and  obtains  high  spatial  and 
spectral  resolution  images  in  a  24  km  swath  with  a  30m  GIFOV 
in  vertical  viewing.  2-Axis  pointing  is  proposed  which  will 
allow  image  acquisition  at  -30°  +52°  down-track  and  +  26° 
cross-track.  The  raw  data  rate  of  the  instrument  is  405Mbs.  The 
high  spectral  resolution  will  make  it  possible  to  directly  identify 
surficial  materials  such  as  rocks  and  soils  and  suspended  matter 
in  water,  and  HIRIS  opens  up  the  possibility  of  studying 
biogeochemical  processes  in  vegetation  canopies.  HIRIS  will  be 
used  in  conjunction  with  the  Moderate  Resolution  Imaging 
Spectrometer  (MODIS)  as  a  multi-stage  sampling  system. 

The  405Mbs  instrument  data  rate  exceed,  he  capability 
of  the  EOS  platform  data  system  and  various  options  are  being 
studied  to  reduce  the  rate.  All  options  affect  the  scientific 
requirements,  and  this  is  one  area  of  the  design  that  requires  an 
objective  approach  to  defining  the  relationship  between 
scientific  and  engineering  requirements.  An  additional  benefit 
is  more  harmonious  relationships  among  team  members.  The 
focus  in  the  model  under  development  is  the  interaction 
between  the  requirements  for  spectral  and  radiometric 
resolution  also  called  signal-to-noise  ratio.  These  parameters 
affect  the  data  rate  as  well  as  the  overall  size  and  cost  of  the 
instrument. 

APPROACH 

Spectral  unmixing  models  were  used  to  quantitatively 
address  the  effects  of  typical  end-user  scientific  requirements  on 
instrument  design  parameters.  The  individual  and  combined 
effects  on  the  accuracy  of  spectral  unmixing  due  to  changing 
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signal-to-noise  ratio,  spectral  resolution  and  unmixing  library 
degeneracy  were  examined  using  a  suite  of  synthetic  data  sets. 
A  spectrally  mixed  data  set  was  created  for  each  combination  of 
the  three  variables.  The  four  no.se  levels,  five  spectral 
resolutions  and  the  four  different  mixing  libraries  used  lesulted 
in  eighty  unique  spectrally  mixed  simulated  imaging 
spectrometer  data  sets  These  spectrally  mixed  synthetic  data 
were  unmixed  through  inversion  of  a  linear  mixing  model  To 
ascertain  the  effects  on  the  unmixing  accuracy  caused  by  the 
changing  parameters  the  unmixing  results  were  compared  to 
the  true  end-member  abundance  patterns  used  in  creating  the 
synthetic  data.  In  this  manner  the  unmixing  errors  can  be 
plotted  as  a  function  of  the  three  variables'  signal  to  noise  ratio; 
spectral  resolution;  and  library  degeneracy. 

The  key  elements  used  in  the  creation  of  the  simulated 
data  sets  were  the  six  spatial  abundance  test  patterns  and  the 
noise  free,  ideally  sampled  mixing  end-member  spectra.  The 
six,  200  sample  by  200  line,  spatial  abundance  test  patterns  are 
simple  geometric  shapes  such  as  cones,  wedges  and  step 
functions.  These  were  used  to  determine,  on  a  pixel  by  pixel 
basis,  the  abundance  of  each  end-member  to  combine  to  form 
that  mixed  spectrum.  The  six  spectra  to  be  associated  with  the 
six  spatial  abundance  patterns  are  synthetic  reflectance  spectra 
covering  a  wavelength  region  of  fifty  arbitrary  units.  Each  has  a 
single  gausslan  absorption  feature  with  zero  reflectance  at  the 
feature  center  and  a  full  width  at  half  maximum  (FWHM)  of 
ten  wavelength  units  (Figure  1).  Thus,  through  a  convolution 
of  the  six  chosen  mixing  spectra  with  the  six  spatial  abundance 
patterns,  a  simulated  reflectance  data  set  is  created  with 
dimensions  of  200  samples  by  200  lines  by  the  number  of 
channels  used  to  sample  the  wavelength  range  of  vhe  spectra. 

In  the  course  of  creating  the  suite  of  synthetic  data  sets, 
the  signal  to  noise,  spectral  resolution  and  library  degeneracy 
was  varied.  A  random  noise  spectrum  with  a  gaussian 
distribution  was  added  to  each  mb(^  spectrum.  The  signal-to- 
noise  is  defined  here  as  one  hundred  percent  reflectance 
divided  by  the  standard  deviation  of  the  gaussian  noise 
spectrum.  Four  different  standard  deviations  were  used,  0., 
0.002, 0.02  and  0.2.  According  to  our  definition  these  correspond 
to  signal-to-noise  ratios  of  infinite.l,  500.1,  50;1  and  5.1.  These 
span  the  range  of  such  values  for  actual  instruments.  Changing 
the  spectral  resolution  was  accomplished  by  convolving  each 
mixing  end-member  with  a  triangular  filter.  These  band-pass 
filters  are  separated  by  a  spectral  distance  equal  to  one  half  their 
full  width.  This  corresponds  to  spectral  band-passes  that 
intersect  at  their  half  maxima  resulting  in  a  spectral  sampling 
interval  which  is  one  half  the  spectral  resolution,aIso  known  as 
critical  sampling.  Five  different  critical  sampling  intervals  were 
used  here.  1,2,3,4  and  5  wavelength  units.  To  model  the  effects 
of  inaeasing  library  degeneracy,  decreasing  spectral  separability, 
the  center  of  the  absorption  feature  of  the  first  end-member  was 
moved  closer  to  that  of  the  second.  Four  different  feature 
separations  were  used.  Initially  all  the  features  were  separated 
by  ten  wavelength  units.  The  distance  between  the  feature 
centers  of  the  first  and  second  end-members  was  deaeased  to  5, 
2.5  then  finally  0.5  wavelength  units.  By  carrying  out  all  of  the 
possible  permutations  the  eighty  different  cases  were 
synthesized. 

Once  the  mixed  data  sets  were  synthesized,  unmixing 
using  the  proper  noise-free  end-members  was  accomplished  by 
uMiig  an  uncuitblialiieu/  lliicaf/  SvjUmTCS  inversion 

technique.  Singular  value  decomposition  was  used  to  invert 
the  library  matrix  (Boardman,  1989).  Singular  value 
decomposition  decomposes  the  library  matrix  Into  the  product 
of  two  column  orthogonal  matrices  of  singular  vectors  and  a 
square  diagonal  matrix  of  singular  values.  Once  orthogonalized 
the  inversion  of  the  library  matrix  is  straightforward.  This 
technique  was  used  for  the  matrix  inversion  since  it 
orthogonalizes  the  end-members,  allows  insight  into  the 


spectral  degeneracy  of  the  library  and  could  be  used  to  balance 
resolution  and  solution  variance  during  the  inversion  process. 
The  synthesized  spectra  were  multiplied  by  this  inverted  library 
matrix.  This  unmixing  results  in  an  estimated  abundance  for 
each  of  the  six  end-members  for  every  pixel.  When  all  of  the 
results  were  spatially  reassembled  a  set  of  estimated  abundance 
spatial  distribution  patterns  were  synthesized.  These  could  be 
directly  compared  to  the  true  abundance  spatial  patterns  used  to 
do  the  mixing.  A  total  unmixing  error  for  each  end-member 
was  accumulated  as  the  square  root  of  the  mean  of  the  squared 
differences  between  the  estimated  and  true  abundances  (RMS 
error).  In  this  manner  a  set  of  six  unmixing  errors,  one  for  each 
end-member,  was  produced  for  each  of  the  eighty  cases. 

RESULTS 

The  results  for  the  inversion  of  the  synthetic  data  sets 
formed  by  mixing  the  idealized  artificial  spectra  indicate  a  linear 
relationship  between  unmixing  error  and  both  the  noise  level 
in  the  data  (inverse  of  signal-to-noise  ratio)  and  the  spectral 
resolution  of  the  instrument.  The  slopes  of  these  linear 
functions  are  determined  by  the  separability  of  the  end- 
members  in  the  unmixing  library.  For  a  fixed  noise  level, 
libraries  with  a  greater  degree  of  spectral  separability  are  less 
sensitive  to  a  given  decrease  in  spectral  resolution  than  libraries 
that  are  more  spectrally  degenerate  (Figure  2).  A  plot  of  this 
relationship  for  all  four  libraries  used,  at  a  fixed  noise  level, 
shows  the  unmixing  error  as  a  function  of  both  feature 
separation,  a  measure  of  separability  of  the  synthetic  end- 
members  and  spectral  sampling  interval  (Figure  3).  Error 
values  for  higher  or  lower  noise  levels  can  be  found  by  a  simple 
linear  scaling  of  the  values  for  a  known  noise  level,  since  the 
error  versus  noise  sensitivity  has  a  zero  intercept  at  a  zero  noise 
level. 

The  procedures  outlined  here  are  directly  applicable  to 
studies  involving  real  mineral  spectra.  An  example  of  an 
application  to  real  mineral  spectra  is  shown  in  Figures  4  and  45 
The  signal  to  noise  level  is  fixed  at  50:1  and  the  sensitivity  to 
spectral  sampling  interval  is  examined.  Here  sbe  different 
minerals  are  chosen  for  the  mbdng  library.  In  the  first  library 
all  of  the  minerals  are  relatively  spectrally  separ  .ble.  In  the 
second  library  the  substitution  of  dolomite  for  muscovite 
increases  the  degeneracy  of  the  library  since  its  spectrum  is  very 
similar  to  calcite.  Note  the  increased  sensitivity  to  degradation 
of  spectral  resolution  when  using  this  less  separable  library. 
Using  the  same  two  libraries,  with  fixed  spectral  resolution,  the 
sensitivity  to  increased  noise  is  shown  in  Figures  6  and  7  The 
increased  degeneracy  of  the  second  spectral  library,  due  to  the 
inclusion  of  dolomite,  increases  the  sensitivity  of  the  system  to 
noise.  These  examples  point  out  the  importance  of  judiciously 
choosing  the  library  of  interest. 


CONCLUSIONS 


The  results  of  this  study  can  be  applied  directly  to  both 
instrument  design  considerations  and  feasibility  studies  for 
planned  imaging  spectrometer  applications.  For  a  given  library, 
surfaces  of  equal  unmixing  error  can  be  determined  as 
functions  of  instrument  noise  level  and  spectral  resolution. 
This  family  of  parameter  combinations  represents  instruments 
that  should  all  have  the  same  unmixing  accuracy  for  that 
library  By  applying  a  cost  function  to  each  parameter  the 
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can  be  determined.  For  an  end  user,  limited  to  an  existing 
instrument  with  fixed  parameters,  studies  of  this  sort  using  the 
unmixing  library  of  interest  should  allow  estimation  of 
feasibility  and  absolute  unmixing  accuracy  for  each  end- 
member.  For  an  end  user  of  an  instrument  with  variable 
parameters,  such  modeling  can  allow  optimization  of  the 
instrument  configuration  for  a  given  application.  In  such  an 
application  the  end  user  would  pick  an  unmixing  library  and 
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determine  the  noise  ievel  in  the  data.  Then,  after  resampiing 
the  iibrary  end-members  to  match  the  spectral  resolution  of  the 
instrument,  best  case  unmixing  error  estimates  could  be  made 
for  each  end-member. 

The  errors  examined  in  this  unmixing  model  represent 
the  best  case  scenario  for  any  such  application.  They  illustrate 
the  upper  limit  of  unmlxing  accuracy  that  couid  be  achieved 
for  a  given  library  and  instrument  combination.  In  real 
applications  other  sources  of  error  wiil  certainly  reduce  the  true 
achievable  unmlxing  accuracy.  Such  other  sources  of  error 
include  non-ideal  libraries  (those  that  are  not  all  Inclusive  or 
those  that  include  spurious  members,)  and  errors  in  calibration 
of  the  data  and  in  the  conversion  to  reflectance. 
Uncompensated  atmospheric  and  topographic  effects  also  will 
decrease  the  unmixing  accuracy.  However,  we  believe  that  our 
results  are  useful  in  both  irtstrument  design  considerations  and 
end  user  analysis  and  interpretation  since  they  allow  a 
quantitative  assessment  of  the  effects  of  instrument  parameters 
on  a  typical  application  of  imaging  spectrometry  data. 
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WAVELENGTH 


Figure  1.  This  is  an  example  synthetic  spectral  mixing 
library  used  in  this  study.  In  this  library 
endmembers  #1  and  #2  are  only  separted  by  5 
wavelength  units,  modeling  decreased  spectral 
separability. 


Figure  2.  Unmixing  error  as  a  function  of  spectral 
sampling  Interval  using  artificial  end-members 
and  a  fixed  S/N  of  50. 


Figures.  Unmlxing  error  as  a  function  of  spectral 
sampling  Interval  and  feature  separation  between 
end-m.embers  1  and  2,  S/N  fixed  at  50. 
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Figure  4.  UnmiNing  error  for  library  #1  as  a  function  of 
sampling  intei  val  with  S/N  fixed  at  50. 
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Figure  5.  Unmixing  error  for  library  #2,  same  as  library  #1 
except  dolomite  has  been  substituted  for 
muscovite,  S/N  fixed  at  50.  Note  the  higher 
sensitivity  to  spectral  resolution  for  ihis  more 
degenerate  library.  Calcite  is  spectrally  similar  to 
dolomite. 
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Figure  6.  Unmixing  error  for  library  #1  as  a  function  of 
noise  level,  spectral  sampling  interval  is  fixed  at 
10  nm. 
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Figure  7.  Unmixing  error  for  library  #2,  same  as  library  #1 
except  dolomite  has  been  substituted  for 
muscovite,  spectral  resolution  fixed  at  10  nm. 
Note  the  higher  sensitivity  to  noise  for  this  more 
degenerate  library.  Calcite  li  spectrally  similar  to 
dolomite. 
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AB^HUCT 

This  paper  describes  the  optimization  criteria  for  the 
design  of  fluorescence  lidars,  in  order  to  exploit 
their  full  potential  in  operative  environmental  remote 
sensing;  the  cqptimizaticxi  of  both  the  whole  system  and 
its  separated  parts  was  taken  into  account.  The 
criteria  are  the  result  of  a  8  year  research  program 
carried  out  at  IPOE  -  CNR  in  Firenze,  Italy,  by  means 
of  theoretical,  laboratory,  and  field  investigations. 
The  fluorescence  lidar  systems  which  were  built  t  .  the 
IROE  are  described  at  the  end  of  the  paper. 

1.  IMISCOOCTION 

Fluorescence  lidars  have  wide  application  fields  in 
environmental  remote  sensing,  particularly  in  the 
detectioi  of  sea  parameters  like  oil  pollution, 
[Aiytoplankton,  suspended  and  dissolved  substances 
(Measures,  1983),  and  vegetation  parameters  like 
I^wtosynthetic  activity  and  stresses  (Cecchi  et  Al. , 
1985). 

The  fluorescence  Lidar  technique  is  still  in 
developnent  and  varicus  systems  were  built  during  the 
past  years,  sometimes  with  very  different  structures 
and  performances  (hteasuros,  1983). 

From  an  qperative  point  of  view,  a  compact,  light 
weight,  and  low  power  oonsumptl<xi  system  is  needed, 
vMch  can  be  installed  cn  different  platforms,  IDce 
trucks,  aircraft,  helicopters,  and  ships.  A  cost- 
benefit  analysis  of  the  different  techniques,  such  as 
high  spectral  resolution  detecticxi,  time  deciv 
measurements,  and  simultaneous  detecticxi  of  passive 
and  active  spectra,  has  also  to  be  taken  into  account 
for  the  different  applications.  In  the  following 
paragraphs  the  optimization  criteria  adopted  by  IROE 
for  the  (iesign  of  its  system  are  discussed. 

2.  SXSTEM  OPTIMIZATION 

The  informaticxi  c*i  the  target  is  carried  out  by  both 
the  specdxal  and  temporal  behavior  of  the 
backscattered  signal.  The  detection  of  the 
fluorescence  time  decay  from  moving  platforms  reciuires 
s<}|;hlsticated  techniques,  such  as  the  use  of 
subnanoeecond  laser  i^ses  wi^  consequent  fast 
detecdiioR  systems.  The  information  ccxitained  in  the 
fluorescence  time  decay  is  useful  in  discriminating 
the  composition  of  oil  films  floating  on  water  surface 
(Measures  et  Al.  1974).  However  the  vzuriations  ciue  to 
sea  waves  in  the  distance  between  the  lidar  and  the 
film  could  introduce  errors  in  the  absolute 
measurement  of  the  time  dec»y.  In  any  case  a 


discrimination  between  the  oil  types  can  be  edso 
achieved  by  the  an2dysis  of  the  fluorescence  spectrum 
with  correlation  (O'Neal  et  Al. ,  1981)  or  differential 
fluorescence  techniques  (Cecchi  et  Al.,  1986).  For 
vhat  concern  the  nmitoring  of  vegetation  and 
phytoplankton,  the  usefulness  of  tne  time  decay 
measurement  is  still  under  emalysis;  anyway  the 
thickness  of  the  target  will  introduce  an  ambigiuty 
fjhicli  is  of  the  same  order  or  higher  than  the  time 
decay  itself.  In  fact,  by  considering  a  chlorophyll 
fluorescence  time  decay  in  the  range  of  few 
nanoseconds  (typically  2t3  ns),  the  corresponding 
spatial  range  is  seme  tenth  of  centimeters  (less  than 
50  cm) .  So,  in  our  opinion,  for  both  applications  (sea 
ani  vegetatim)  the  measurement  of  the  fluorescence 
time  decay  involves  a  hard  complication  of  the  system, 
vdiile  the  same  kind  of  informBticxn  can  be  extracted 
directly  from  the  fluorescence  spectrum.  As  a 
consequence  this  technique  was  abandoned  in  the  design 
of  IROE  fluorescence  Lidars. 

In  the  past  two  main  design  philosophi-es  were  adopted 
for  the  detection  of  the  special  characteristics  of 
the  target: 

a  -  few  receiving  channels  with  separate 
interference  filters  and  ptotodetectors, 

b  -  many  receiving  channels  with  a  grating 
spectrometer  and  an  array  detector. 

The  first  solution  gives  information  only  cn  a  small 
nmfcer  of  fixed  fluorescence  bands,  but  allows  an  eeisy 
detecticxi  of  depth  resolved  signals.  The  second  one 
gives  information  on  the  whole  fluorescence  spectrum 
with  high  resolution;  moreover  it  allows  the  detection 
of  laser  excited  spe^a  and  passive  reflec:tance 
spectra  of  the  same  target.  This  feature  is  very 
attractive,  because  the  reflectance  spectrum  c:an 
supply  relevant  ccnplementary  information  on  the 
target,  like  the  leaf  area  index  (LAI).  On  the  other 
hand  the  detection  of  depth  resolved  signals  is  more 
complex. 

Sinra  the  goal  of  the  research  ccarried  out  at  IROE  was 
the  (ievelopment  of  fluorescence  lidar  which  could 
perform  the  detection  of  the  largest  possible  set  of 
envirormental  parameters,  solution  (b)  was  adopted  in 
the  clesign. 

The  cxxicept  of  a  main  computer  viiich  cxxitrols  via 
software  the  whole  system,  c^ierates  signal 
preprocessing,  gives  a  re^  time  data  display, 
archives  the  eSata  on  a  suitable  support,  and 
eventually  processes  the  data,  was  selected  for  the 
system  management.  This  solution  offers  the  maximum  of 
adap*'  .^illty  of  the  system  and  is  the  easiest  one  for 
the  erator,  particularly  in  narrow  surroimdings  like 
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inside  a  small  plane. 

2.1.  900RCE 

Ihe  selection  of  excitation  wavelengths,  and 
coiseq-  ently  of  the  optimal  laser  sources,  was  done  cm 
the  basis  of  fluorescence  efficiency  and  absorption 
spectrun  of  the  target,  absorption  coefficients  of 
propagation  media,  and  laser  characteristics. 

The  propagaticai  medium  is  the  atmosphere,  vrfiile  water 
is  involved  when  the  measurement  of  water  column 
parameters  is  performed.  The  strong  absorption  of  the 
atmospheric  ozone  in  the  ultraviolet  (UV)  restricts 
the  choise  to  excitation  wavelengths  higher  than  5:280 
nm. 

Vaxious  laboratory  results  (Measures,  1983)  have 
already  shown  that  the  most  suitable  laser  wavelengtli 
for  the  remote  sensing  of  thin  oil  films  has  to  be 
chosen  .in  the  300t350  nm  range;  vdiile  a  wavelength  in 
the  blue  region  of  the  spectrum  (»  480  nm)  is  needed 
for  water  quality  measurements  (i.e.  water  turbidity, 
gelbstoff,  etc).  A  480  nm  wavelength  is  also  the  best 
excitaticxi  for  chlorophyll  a  remote  sensing,  either 
in  terrestrial  vegetation,  or  algae,  or  phytoplankton. 
A  possible  source  is  an  UV  leaser  in  the  abovementioned 
range  and  a  dye  laser  working  at  480  nm,  pumped  by  the 
UV  laser  itself.  The  dye  laser  can  be  an  untuned  one 
because  of  the  wide  absorption  bands  of  the  species 
which  have  to  be  detected. 

The  UV  Iciser  sources  which  are  avcdlable  are: 
triplicated  Nd:VAG,  Nitrogen,  XeCl  excimer.  The  No 
laser  was  adopted  in  early  fluorescence  Lldars,  tte 
the  other  tvo  sources  were  prefered,  because  of  the 
low  energy  per  pulse  of  Nj  laser.  The  IKOE  Lidar 
system  adopted  a  XeCl  excimer  laser,  vhich  lases 
directly  in  the  UV  (308  nm). 

2.2.  OTT.tCS 

The  Lidar  optical  part  is  composed  of  the  receiv^ 
optics  and  the  dispersive  system.  A  basic  point  is  the 
dispersive  system,  which  can  be  a  set  of  beam¬ 
splitters  with  interference  filters  or  a  spectrometer, 
depending  on  the  kind  of  detection  system  adopted.  As 
already  previously  discussed,  IFOE  Udar  uses  a 
spectrometer  dispersive  system. 

The  receiving  optics  is  usually  a  reflection 
telescope,  whose  characteristics  have  to  match  those 
of  the  laser  and  detection  systems.  In  particular  the 
teleswpe  numerical  aperture  (NA)  has  to  match  that  of 
the  spectraneter,  and  its  Field  Of  View  (POV)  has  to 
match  the  divergency  of  the  laser  beam.  If  tlw  Lidar 
detects  also  passive  reflectance  spectra,  the  matching 
between  the  POV  and  the  laser  beam  divergency  is 
ccmqpulsory  in  order  to  assure  that  the  reflectance 
spectrum  correspovds  only  to  the  area,  which  is 
Illuminated  by  the  letser 

A  spectrometer  hardly  matches  tho  collected  spot-size, 
because  of  the  shape  of  its  n^uTDW  entrance  slit. 
Further,  the  dispersed  light  has  to  match  the  detector 
size.  Typically,  the  slit  is  hundreds  pm  wide  and  »  2 
cm  high,  while  the  detector  array  element  is  25  pm 
wide  and  2.5  nar,  high;  so  the  detected  spot  size  turns 
to  be  WxH,  where  W  is  tiie  width  of  the  entrance  slit 
and  H  is  the  height  of  the  detector  array  (i.e.  »  100 
pm  X  2.5  nm).  The  ideal  situation  should  be  a  focal 
spot,  having  the  same  dimensions.  This  condition  is 
hardly  achieved,  even  if  the  rectangular  slvape  of  XeCl 
excimer  laser  turT:s  useful,  when  this  excitation 
wavelength  is  applied. 

Generally,  the  collected  radiation  has  a  circular 
shape;  two  cases  are  possible:  or  the  image  diameter 
is  equal  to  the  slit-width,  or  the  image  diameter  is 


equal  to  the  array  height.  In  both  cases  the  signal  to 
noise  ratio  is  nc»i-op>timal,  in  fact  in  the  first  one, 
only  a  small  part  of  the  detector  is  irradiated,  in 
the  second  one  most  of  the  energy  is  missed  at  the 
slit. 

A  way  of  overcoming  this  problem  is  the  use  of  an 
optical  interface  between  the  telescope  and  the 
entrance  slit,  which  transforms  the  circul2u:  shapie 
into  a  rectaguleu:  one,  keeping  the  area  constant.  An 
qptical  fiber  cable  can  do  this  job.  On  one  side  the 
cable  end  has  a  circular  shape  for  matching  the 
telescope  focal  spot,  while  the  other  end  has  a 
rectangular  shape,  for  matching  the  spectrometer  slit 
and  the  array  height.  The  signal  to  noise  ratio 
improvement,  due  to  the  optimal  coupling  between  the 
telescope  and  the  entrance  slit,  largely  compensates 
the  inserticxi  losses. 

This  soluticxi  allows  an  easy  alignment  of  the  system 
and,  v4u.ch  is  of  relevance,  permits  a  conplete 
electricad  insulation  between  the  laser  source  and  the 
detection  system. 

As  a  conclusion,  a  high  resolution  fluorescence  Lidar 
could  be  realized  accordingly  to  the  following  items; 

-  Both  active  and  p>a6sive  spectra  acquisition. 

-  Data  acquisition  and  Lidar  qperatioi  computer 
controlled. 

-  Compact,  low  weight  UV+VIS  laser  system 

-  Optical  interface  between  the  receiving  (^tics  and 
the  detection  system 

-  Grating  spectrometer  +  eurray  detector 

3.  HaOE  FL1]»R(*)  FROGBCT 

On  the  basis  of  the  parevious  considerations,  a 
conceptual  sketch  of  a  fluorescence  Lidar,  which 
utilizes  a  Xe-Cl  excimer  laser  and  an  excimer  pu-tped 
dye  laser  as  source,  a  properly  designed  receiving 
optics,  a  spectrometer,  and  eun  intensified  gatable 
piwtodetector  array  as  receiver,  was  chosen  as  the 
best  solution. 

An  actual  realization  of  this  system  is  the  FLIDAR  2 
(Castagnoli  et  Al.,  1986),  operating  at  our  Institute 
(Fig.  1).  The  new  FLIDAR  3  is  under  develc^ment  and 
will  be  ready  by  the  end  of  this  year. 

The  laser  sources  of  FLIDAR  systems  were  expressly 
designed  (Castagnoli  et  Al.,  1986):  in  fact  commercial 
excimer  lasers  are  too  bulky  for  operating  on  moving 
platforms.  The  excimer  laser  is  battery  powered  and 
the  overed.1  dimensions  are  80  cm  x  40  cm  x  35  cm  (high 
voltage  supply  included);  the  weigth  is  60  Kg. 
(batteries  included).  Also  the  dye  laser  was  expressly 
designed,  it  is  an  untuned  one  with  overall  dim^ions 
of  30  cm  X  20  cm  X  12  cm. 

Tho  FLIDAR  3  is  conceptually  similar  to  the  FLIDAR  2 
and  uses  the  same  lasers,  spectrometer,  and  detection 
system,  while  tho  receiving  cities  is  now  under  design 
(Cecchi,  1989).  Both  laser  sources  are  meuntod  on  the 
same  rigid  plane  with  a  mirror-selection  of  the  laser 
wavelength.  The  laser  system  and  the  receiving  optics 
are  mounted  on  a  platform  which  can  be  installed  on  an 
azimuth/elevation  scanning  fork  for  ground  and  truk 
operatiems,  or  directly  inside  an  aicraft  or  a  ship. 
The  spectraneter,  the  detection  system,  and  the  main 
computer  are  hosted  in  a  sep)cu:ate  rack,  only  fiber 
optics  cables  connect  the  rack  to  the  laser/receivor 
block  and  the  two  blocks  are  separately  battery 
powered.  This  solution  allows  at  the  same  time  an  easy 
alignement  between  the  laser  and  the  receiver,  an  easy 
alignament  of  the  optical  receiver  with  the  detection 
system,  and  a  very  high  OH  protection. 


{*)  FLIDAR  is  a  registered  trade-mark  of  CNR 
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Fig.  1  -  FLIDAR  -  2  in  operation  on  the  oceanographic 
ship  "MINERVA"  during  the  MARET  canpaign  (Cctaber 
1987) 
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MULTI-FIELD-OF-VIBH  UDAR  FOR  SlNaE  ENDED 
MEASUREMENT  OF  EXTINCTION  COEFFICIENTS 
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Canada 


A  compact  Ildar  system  has  been  built  to  acquire  backscattered  Hd:Glass  laser 
returns  from  ranges  up  to  10km.  Four  receiver  fields  of  view  are  obtained 
simultaneously:  5,  25,  50  and  75  mrad.  The  four  channels  are  logarithmic 
amplified  (a  dynamic  range  of  5  orders  of  magnitude),  digitized,  stored  and 
displayed  by  a  personal  computer.  Extensive  computer  control  has  been 
designed  Into  the  system,  A  marine  radar  has  been  Incorporated  which 
automatically  prevents  the  laser  from  firing  when  an  object  is  detected  In 
the  non-eyesafe  zone.  The  movable  transceiver  provides  90“  rotation  In  two 
axes,  stands  only  l.*t  meters  high  and  can  pass  through  doorways. 

Keywords:  Lldar,  Ext.  notion  Coefficients,  Multlsoattering 


Lidar  systems  have  been  used  for  many  years  to 
determine  extinction  coefficients  of  the  atmosphere. 
However,  the  usual  solution  method  requires  a  relation 
between  the  backscatter  and  extinction  coefficients 
and  the  specification  of  a  boundary  value  of  the 
extinction  coefficient,  preferably  at  the  far  end  of 
the  Ildar  range.  These  parameters  are  generally  not 
derivable  from  the  backscattered  signal  and  are 
usually  obtained  from  a  model  imposed  upon  the 
atmospheric  conditions.  This  technique  can  result  In 
large  errors  and  obviously  Is  not  suitable  for  general 
weather  conditions. 

A  new  method  has  been  proposed  (Blssonnette,  1986) 
based  on  a  multlsoattering  approach.  The  Ildar 
returns  are  recorded  simultaneously  at  different 
fields  of  view  and  by  ratiolng  these  returns  the 
backscatterlng  coefficient  can  be  factored  out.  Also, 
the  slope  of  the  logarithm  of  the  ratios  is 
proportional  to  the  aerosol  forward-scattering 
coefficient.  With  two  ratios  from  three  fields  of 
view  the  forward  scattering  coefficient  can  be 
determined.  This  coefficient  Is  directly  related  to 
the  extinction  coefficient  by  the  albedo,  within  a  few 
percent.  Thus  the  extinction  coefficient  can  be 
derived  from  the  lidar  data  without  the  need  for 
boundary  values  or  the  backscatter  to  extinction 
profile.  In  this  paper  we  will  describe  a  compact 
lidar  system  developed  to  confirm  this  multlsoattering 
method. 


The  unique  feature  of  this  lidar  is  the  simultaneous 
acquisition  of  the  backscattered  signal  at  four 
different  fields  of  view:  5,  25,  50  and  75  mrad.  A 
six  Inch  diameter,  f/1.33  telescope  collects  the 
backscattered  light  and  focusses  it  onto  a  silicon  PIN 
diode  comprising  four  concentric  active  areas.  The 
four  channels  are  logarithmlc-ampllf led,  digitized  by 
four  32  MHz  waveform  recorders  and  stored  In  a 


personal  computer.  The  lidar  transmitter  Is  a  Nd 
glass  laser  with  up  to  2  Joules  of  output  energy.  The 
transmitter  and  receiver  are  located  on  a  moveable 
transceiver  pedestal  providing  95“  rotation  In 
elevation  and  ±115“  rotation  in  azimuth.  The 
transceiver  stands  only  1.i|  meters  high  and  can  pass 
through  standard  doorways.  It  Is  separated  from 
auxiliary  equipment  by  seven  meter  long  cables.  As 
shown  In  Figure  1  this  equipment  consists  of  two  19" 
racks  each  under  one  meter  in  height  plus  a  digitizing 
unit  and  a  personal  computer. 

Extensive  computer  control  has  been  designed  into  the 
system.  Scanner  control,  system  alignment,  system 
calibration  and  lidar  data  acquisition  are  among  the 
menus  available  on  the  computer  terminal. 

The  scanner  can  be  positioned  In  one  of  two  ways  by 
the  computer:  by  specifying  the  angles  desired  or  by 
moving  a  cursor  within  a  grid.  If  the  operator  wants 
to  align  the  system  on  a  particular  target,  a  hand 
held  manual  remote  control  is  available  which  can  be 
used  In  conjunction  with  a  sighting  scope. 

Coaxial  alignment  of  the  transmitter  and  receiver  Is 
very  Important  for  system  performance.  With  the  use 
of  a  HeNe  laser,  the  operator  can  call  up  the 
alignment  menu  and  follow  the  simple  steps  which 
determine  the  optical  axis  of  the  receiver  telescope 
to  better  than  0,2  mrad.  The  transmitter  can  then  be 
aligned  to  the  receiver  optical  axis. 

Calibration  of  the  system  Is  achieved  by  placing  the 
cover  on  the  telescope  and  connecting  two  cables.  A 
module  on  the  telescope  cover  contains  a  light 
emitting  diode  and  driver  circuitry  which  Illuminates 
the  detector  with  uniform  Intensity.  Interchannel 
calibration  of  the  detector  alone  or  of  the  detector 
with  log  amps  can  be  completed  within  minutes  by 
following  the  software  menus.  These  calibration 
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constants  are  then  saved  and  automatically  stored  with 
subsequent  Ildar  data. 

Acquisition  of  Ildar  data  is  prefaced  by  a  run 
parameter  menu.  The  operator  selects  the  acquisition 
time  (up  to  2K  samples  per  channel),  an  acquisition 
delay  If  desired  and  the  number  of  laser  pulses  to 
average.  Once  the  run  parameters  are  entered,  the 
acquisition  key  is  depressed.  The  laser  shutter  will 
open  and  remain  open  until  the  specified  number  of 
laser  pulses  is  emitted.  The  laser  energy  and 
detector  temperature  are  reported  for  every  laser 
fire.  The  shutter  will  then  close  and  the  data  will 
be  displayed  immediately  and  stored  along  with  the 
date,  time,  temperature,  laser  energy  and  relevant  run 
parameters. 

The  high  output  energy  of  the  laser  results  in  the 
Ildar  not  being  eyesafe  for  a  distance  of  several 
kilometers.  In  order  to  ensure  safe  operation  a 
marine  radar  was  incorporated  into  the  system  to 
automatically  prevent  the  laser  from  firing  when  an 
object  la  detected  within  this  non-eyesafe  zone.  There 
are  also  'close  laser  shutter'  controls  at  both  the 
transceiver  and  equipment  rack  stations. 


Details  of  the  system  design  will  be  discussed  and 
initial  Ildar  returns  will  be  shown.  Figure  2  is 
representative  of  lidar  data  and  Table  1  summarizes 
the  system  specifications.  It  is  also  hoped  to 
present  analysis  of  the  multiscattering  results 
obtained  from  initial  field  measurements  with  the 
system. 
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Figure  1.  MFOV  LIDAR  SCHEMATIC 
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Figure  2.  MFOV  LIDAR  DATA 


Table  1 

Hultl-Fleld-of-Vlew  Lidar  Specifications 


Transmitter 

Laser  Type 
Wavelength 
Output  Energy 
Pulse  Width 
Repetition  Rate 
Beam  Divergence 

Receiver 

F  -  number 
Aperture  Diameter 
Fields  of  View 
Detector 

Scanning  System 

Azimuth  Range 
Elevation  Range 
Position  Resolution 

Data  Acquisition 

Range 

Dynamic  Range 

Digital  Sample  Interval 

Digital  Sample  Resolution 

No.  of  Samples  per  Laser  Pulse 

Rate 

Transceiver 

Size 

Weight 

Auxiliary  Equipment 

Size 

Weight 

System  Power  Requirements 


Nd: Glass 
105*1  nm 
1-2  Joules 
30  nsec 
1  Hz 
M  mrad 


1.33 
15  cm 

5,  25,  50  and  75  mrad 
Silicon  PIN  diode 


3  '*5'* 

+90"  to  -5" 
0.009  degress 


10  km 

5  orders  of  magnitude 
31  nsec 
8  bits 

20*18  In  each  of  *l  channels 
1  Hz 


1.11m  H  X  0.8m  W  x  1.2m  L 
135  kg 


1  .*lm  H  X  ~2in  W  X  0.6  m  L 
190  kg 

<2  kw 
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Abstract 

Remote  sensing  of  dissolved  organic 
matter  (DOM)  in  natural  waters  by  laser- 
induced  fluorescence  has  been  limited  to 
emission  spectra  which  are  not  sufficient  for 
discriminating  changes  in  composition  of  DOM. 
Fluorescence  quenching  by  various  cations 
(e.g.  hydrogen  ion)  only  adds  to  the  uncer¬ 
tainty.  Synchronous  fluorescence  spectra  can 
potentially  provide  compositional  information 
since  spectral  peak  positions  may  indicate 
DOM  composition.  The  usefulness  of  synchro¬ 
nous  data  for  predicting  pH  was  tested  for  21 
lake  samples  and  compared  to  the  results  ob¬ 
tained  for  emission  data.  Also,  predictions 
of  DOC  using  emission  were  compared  to  pre¬ 
dictions  using  synchronous  data  for  11  of 
the  lake  samples.  The  synchronous  data  gave 
a  better  correlation  with  pH  (r2=o.90)  than 
the  emission  data  (R^sO.?!),  and  matched  the 
high  correlation  of  DOC  and  emission  data 
(r2=o.94).  The  critical  synchronous"  data  in 
this  example  could  be  reproduced  with  a 
three-wavelength  Ildar. 

Key  words:  remote  sensing,  fluorescence, 
synchronous  fluorescence,  lidar,  water,  DOM 

1.  Introduction 

Dissolved  organic  matter  (DOM)  in  natural 
waters,  particularly  the  humic  substance  (HS) 
fraction,  is  ecologically  important  as  part 
of  the  carbon  cycle  and  as  a  modifier  of 
trace  metal  chemistry  (Wetzel,  1983).  Since 
DOM  fluoresces  intensely  with  ultraviolet 
excitation,  DOM  has  been  a  frequent  target  of 
hydrographic  lidar  systems,  both  as  the 
primary  target  (Hoge  and  Swift,  1982)  and  as 
an  interference  in  the  fluorescence  spectra 
of  other  compounds  (Bristow  et  al.,  1981). 

DOM  fluorescence  intensity  is  usually 
related  to  the  dissolved  organic  carbon  (DOC) 
concentration,  though  attempts  have  been  made 
to  measure  hydrogen  ion  and  aluminum  concen¬ 
trations  indirectly,  by  their  quenching 
effect  on  DOM  fluorescence  emission  spectra 
(Vertucci  and  Vodacek,  1985;  Philpot  and 
Vodacek,  in  press) .  These  analytical  uses  of 
DOM  fluorescence  are  hampered  by  unstable  DOM 
composition,  since  the  fluorescence  is  deter¬ 
mined  in  part  by  the  composition.  DOM  is  a 
mixture  of  organic  compounds,  some  nonfluor- 


escent,  and  others  fluorescent  (e.g.  HS) , 
but  with  varying  efficiency  and  spectral 
distribution.  Unstable  DOM  composition 
arises  as  DOM  is  altered  by  both  abiotic  and 
biotic  processes  (Munster,  1985;  Ertel  et 
al.,  1986).  The  lack  of  a  fluorescence 
technique  for  identifying  DOM  composition 
limits  the  use  of  remotely  sensed  DOM  fluor¬ 
escence  emission  data  to  cases  where  stable, 
conservative  behavior  of  DOM  can  be  shown 
from  grab  sample,  analysis.  Therefore, 
enhancement  of  DOM  fluorescence  character¬ 
istics  that  are  dependent  on  the  composition 
of  the  mixture  is  a  worthwhile  goal. 

Present  theory  on  fluorescent  DOM  struc¬ 
ture  states  that  it  is  comprised  of  single 
and  fused  aromatic  rings,  but  with  many 
aliphatic  side  chains  and  functional  groups 
substituted  on  the  aromatic  rings.  It  is 
well  known  that  the  extent  of  coupling  of 
the  molecular  electronic  structure  determines 
the  fluorescence  wavelength  of  aromatic 
hydrocarbons  (Inman  and  Winefordner,  1982). 
The  more  coupled  the  aromatic  system,  the 
further  to  the  red  the  fluorescence  emission. 
Thus,  the  degree  of  coupling  of  the  elec¬ 
tronic  structure  can  be  expected  to  be  re¬ 
sponsible  for  some  of  the  inherent  spectral 
variability  between  DOM  compositional 
classes.  A  complicating  factor  is  introduced 
when  ring  substitution  induces  a  red  shift 
(Berlman,  1965) .  Functional  groups  can  shift 
the  fluorescence  of  a  one  ring  compound  to 
the  spectral  position  normally  found  for 
saturated  two  or  three-ring  systems.  An  ap¬ 
proach  th.’it  takes  advantage  of  these  pheno¬ 
mena  is  synchronous  fluorescence  spectro¬ 
scopy.  This  technique  employs  simultaneous 
scanning  of  the  excitation  and  emission  with 
a  constant  wavelength  or  energy  difference. 

A  synchronous  fluorescence  spectrum  occurs  as 
a  diagonal  line  on  a  total  fluorescence  plot 
of  excitation  wavelength,  emission  wave¬ 
length,  and  intensity  (Figure  1) .  The  compo¬ 
sitional  claooes  will  be  distributed  along 
the  diagonal  (the  synchronous  spectrum) , 
depending  on  the  individual  red  shifts. 
Maximum  separation  of  molecular  types  occurs 
when  small  wavelength  or  energy  differences 
are  observed.  This  technique  has  been 
applied  to  natural  DOM  samples  as  a 
"fingerprint"  method  for  identifying  DOM 
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Figure  1.  Stylized  total  fluorescence 
spectra  of  benzene  and  anthracene.  Contours 
represent  intensity. 

composition  (Russo,  1983;  Cabaniss  and 
Shuman,  1987). 

The  effects  of  trace  metals  and  pH  on 
emission  spectra  (Vodacek  and  Philpot,  1987) 
are  also  observed  for  synchronous  spectra  of 
natural  waters  (Cabaniss  and  Shuman,  1987). 
Unlike  emission  spectra,  the  induced  effects 
can  be  expected  to  vary  depending  on  the 
synchronous  peak  being  observed. 

The  goal  of  the  study  was  to  use  synchro¬ 
nous  spectra  of  natural  DOM  samples  to 
select  a  limited  number  of  excitation  and 
emission  wavelengths  that  are  particularly 
sensitive  to  DOM  composition.  If  fluor¬ 
escence  emission  data  by  selective  excitation 
can  categorize  DOM  composition  in  natural 
waters,  the  viability  of  remote  DOM 
fluorescence  data  will  be  enhanced. 

2 .  Methods 

The  lake  water  samples  studied  were  from 
New  York,  Michigan,  and  Wisconsin,  and  repre¬ 
sent  a  wide  range  of  water  chemistry  types. 
The  samples  had  been  stored  in  the  dark  at 
4'C,  for  up  to  21  months.  Fresh  samples  were 
not  collected  since  the  applicability  of  the 
analytical  technique  itself  was  being  tested. 

The  laser-induced  fluorescence  emission 
spectra  of  the  samples  were  collected  and 
analyzed  as  described  by  Philpot  and  Vodacek 
(in  press).  The  spectral  data  were  reduced 
to  three  parameters,  the  weighted  fluores¬ 
cence  mean  wavelength  (F^,) ,  the  fluorescence 
intensity  at  the  water  Raman  band  (Fpani)' 
the  ratio  of  the  total  fluorescence  intensity 
to  the  fluorescence  intensity  at  the  Raman 
band  (Frat) • 

Synchronous  tiuorescence  spectra  of  the 
lake  samples  were  collected  with  a  spectro- 
fluorometer  capable  of  scanning  with  a  con¬ 
stant  energy  difference  between  the  excit¬ 
ation  and  emission  monochromators.  The  ener¬ 
gy  difference  of  1600  cm"^  was  chosen  to 
match  the  typical  vibrational  energy  spacing, 
plus  the  typical  Stokes  shift,  for  polycyclic 


aromatic  hydrocarbons  (Inman  and  Winefordner, 
1982).  The  spectra  are  plotted  as  relative 
intensity  versus  the  emission  wavelength. 

The  spectra  are  corrected  for  detector  and 
instrument  response  by  monitoring  the  fluor¬ 
escence  signal  of  rhodamine  dye  in  the 
reference  channel.  This  allows  direct 
comparisons  of  fluorescence  at  different 
wavelengths.  The  emission  spectra  of  two 
lake  water  samples  in  Figure  2a  are  compared 
to  their  synchronous  spectra  in  Figure  2b. 


Nanometers 

Figure  2a.  Emission  spectra  of  two  lake 
water  samples. 

The  synchronous  data  were  reduced  to 
intensities  at  three  wavelengths 
(Syi,SY2,SY3)  plus  the  summed  intensity  over 
the  v;hole  spectrum  (SYtot)  as  indicated  in 
Figure  2b.  Three  ratios  of  the  intensities 
were  also  calculated  (SY2/SY1,  SY3/SY1, 
SY2/SY3) . 

The  samples  were  analyzed  for  pH  after 
the  fluorescence  data  acquisition.  The  11 
samples  from  Michigan  and  VJisconsin  had  been 
analyzed  for  DOC  when  the  samples  were 
collected. 

Multiple  linear  regression  was  employed 
to  relate  the  spectral  data  (independent 
variables)  to  the  pH  or  DOC  of  the  sample 
(dependent  variable) .  The  reported  corre¬ 
lation  results  are  for  the  cases  where  the 
coefficients  for  the  independent  variables 
were  significant  at  the  95%  level  (Student's 
t-test) . 

3 .  Results 

Unlike  the  fluorescence  emission  spectra, 
the  synchronous  spectra  of  some  lakes  are 
very  different  (Figures  2a  and  2b).  The 
peaks  in  the  synchronous  spectra  can  be 
interpreted  as  being  indicative  of  different 
HS  composition,  possibly  modified  by  pH  or 
trace  metal  quenching.  For  DOM  emission 
spectra,  the  fluorescence  of  the 
compositional  classes  overlaps  to  a  high 
degree,  and  correlations  with  water  chemistry 
are  not  good.  If  the  intensity  of  the 
synchronous  peaks  is  an  indication  of  the 
prevalence  of  different  compositional  units 
of  DOM,  the  relative  intensities  can  be  a 
simple  measure  of  DOM  composition.  This 
partitioning  of  the  compositional  classes  in 
the  synchronous  data  might  be  expected  to 
lead  to  better  correlations  with  water 
chemistry  than  are  found  for  the  emission 
data.  To  test  this,  the  pH  or  the  DOC 
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Figure  2b.  Constant  energy  synchronous 
spectra  of  two  lake  water  samples. 


Figure  3 .  pH  predicted  by  fluorescence 
emission  data  versus  actual  pH. 


concentration  of  the  samples  was  predicted 
using  multiple  linear  regression,  first  with 
the  emission  data,  and  second  with  the 
synchronous  data. 

The  fluorescence  emission  data  for  all  21 
samples  were  regressed  with  the  sample  pH. 

The  best  correlation  of  the  emission  data 
with  pH  was  obtained  with  the  independent 
variables  Fj-at  ^R^m  ~  0.71,  Std.  err. 
estimate  -  0.48  pH  units).  The  emission 
data  for  the  11  samples  from  Michigan  and 
Wisconsin  correlated  highly  with  DOC.  The 
significant  independent  variables  in  this 
case  were  Fj„  and  Fpam  0.94;  Std.  err. 

estimate  =  1.00  mg/L  DOC).  The  plots  of 
predicted  versus  actual  pH  and  predicted 
versus  actual  DOC  are  given  in  Figures  3  and 
4,  respectively. 

The  synchronous  fluorescence  data  for  all 
21  samples  correlated  highly  with  pH  and  all 
independent  variables  were  significant  (R^  = 
0.90;  Std.  err.  estimate  =  0.28  pH  units). 

The  synchronous  data  of  the  11  samples  from 
Michigan  and  Wisconsin  gave  very  similar 
results  to  those  of  the  emission  data  when 
regressed  with  DOC.  Only  four  of  the 
synchronous  parameters  were  significant,  SYl, 
SY2,  SYtot,  and  SY2/SY1  (r2  =  0.94;  Std.  err. 
estimate  =  1.17  mg/L).  The  plots  of  pre¬ 
dicted  versus  actual  pH  and  predicted  versus 
actual  DOC  ate  given  in  Figures  5  and  6, 
respectively. 

Although  these  results  must  be  qualified 
by  the  small  number  of  samples,  it  appears 
that  synchronous  spectra  arc  capable  of 
partitioning  DOM  fluorescence  in  a  way  that 
enhances  the  effects  of  pH  on  the  different 
spectral  regions  of  r  ;M  fluorescence.  This 
implies  a  link  between  the  synchronous  spec¬ 
tra  and  the  DOM  composition.  However,  in 
this  case,  synchronous  spectra  do  not  seem 
to  contain  more  useful  information  than  do 
emission  spectra  for  predicting  DOC  concen¬ 
tration. 


DOC=-251+0 . 525  +0 . 495 

R^=0.94 

Std.  err. =1.00  mg/L  DOC 
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Figure  4.  DOC  predicted  by  fluorescence 
emission  data  versus  actual  DOC. 


4.  Discussion 

The  lakes  studied  here  exhibited  three 
consistent  synchronous  fluorescence  peaks  and 
these  three  emission-excitation  pairs  appear 
to  relate  to  the  DOM  composition.  While 
synchronous  spectra  per  se  arc  not  readily 
adaptable  to  remote  sensing  because  of  the 
need  to  scan  a  wide  wavelength  range,  a  lidar 
with  a  limited  number  of  excitation  wave¬ 
lengths  may  be  sufficient  if  key  excitation- 
emission  pairs  can  be  identified,  as  in  this 
study.  A  lidar  that  could  excite  at  286  nm, 
350  nm,  387  nm,  and  detect  the  spectral 
emission  would  provide  similar  data  as  were 
obtained  from  the  synchronous  spectra.  Laser 
systems  capable  of  multiwavelength  excitation 
have  been  described  by  Mumola  et  al.  (1975) 
and  Phinney  et  al.  (1988) . 
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Figure  5.  pH  predicted  by  synchronous 
fluorescence  data  versus  actual  pH. 
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Figure  6.  DOC  predicted  by  synchronous 
fluorescence  data  versus  actual  DOC. 


Wor)c  on  multicomponent  analysis  tech¬ 
niques  will  continue  with  the  acquisition  of 
DOM  total  fluorescence  spectra  and 
synchronous  spectra.  Use  of  total  fluor¬ 
escence  may  provide  a  wider  range  of  useful 
excitation-emission  pairs  for  separation  of 
fluorescent  mixtures.  If  partitioning  DOM  by 
fluorescence  is  viable,  the  Jcey  to  its  use¬ 
fulness  will  be  whether  the  fluorescence  data 
can  be  transformed  into  ecologically 
significant  information  on  DOM.  That  is,  do 
changes  in  DOM  molecular  structure  affecting 
the  fluorescence  overlst>  tho  inolGciilar 
characteristics  affecting  the  reactivity  of 
DOM  in  the  environment?  Future  work  will 
employ  various  physical  separation  methods  to 
fractionate  DOM  samples  to  enable  character¬ 
ization  of  the  fluorescent  fractions  with 
total  and  synchronous  fluorescence. 
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ABSTRACT 

Measurements  of  the  optical  extinction  coefficient^ 
in  the  atmosphere  have  been  made  using  Ildar" 
backseat  taring  measurements.  This  method  provides 
data  over  an  extended  altitude  range  with  excellent 
spatial  and  temporal  resolution.  The  wide  dynamic 
range  of  the  systems  permits  measurements  of  the 
extinction  extending  from  clear  atmosphere  into 
relatively  dense  clouds.  Various  approaches  have  been 
investigated  for  deriving  the  extinction  values  from 
the  lidar  data  and  these  are  presented  in  this  paper 
along  with  a  number  of  examples  of  the  results 
obtained  under  various  atmospheric  conditions. 

KEY  WORDS:  LIDAR,  ATMOSPHERIC  EXTINCTION. 

The  extinction  of  atmospheric  radiation  as  it 
propagates  in  the  atmosphere  is  a  phenomenon  of 
considerable  importance.  The  absorption  and 
scattering  processes  involved  govern  the  deposition 
and  redistribution  of  solar  energy  in  the  a.mosphere 
and  place  significant  limitations  on  the  performance 
of  any  optical  instnmentatlon  looking  through  the 
atmosphere.  Lidar,  utilizing  the  range-resolved 
backseat tering  of  laser  radiation  is  a  powerful  tool 
for  measuring  atmospheric  extinction.  Not  only  does 
lidar  provide  remote  measurements  with  excellent 
spatial  and  ten^xjral  resolution  but  it  permits  nxire 
direct  investigation  of  the  fundamental  atmospheric 
absorption  and  scattering  processes  than  is  generally 
possible  with  other  measurement  techniques.  Aerosols 
and  clouds  are  the  dominant  contributors  to 
extinction  in  the  lower  atmosphere  and  their 
distributions  can  be  monitored  quite  readily  using 
fixed  frequency  lidars.  Molecular  absorption  and 
inelastic  scattering  also  contribute  to  the 
extinction  with  characteristics  which  are  highly 
dependent  on  the  particular  species  and  wavelength  of 
incident  radiation.  Lidars  featuring  tunable  laser 
sources  can  be  ujod  to  selectively  measure  such 
species  through  the  differential  absorption  of  two 
laser  pulses  whose  wavele.ngths  are  tuned  to  different 
regions  of  a  particular  molecular  absorption  feature. 
Similarly,  lidars  featuring  a  fixed  frequency  source 
but  wavelength-tunable  detection  can  be  used  to 
selectively  measure  these  species  through  their 
unique  Raman  scattering  spectral  signatures. 


Lidar  has  been  used  for  atmospheric  measurements 
in  our  laboratory  for  a  nuiiber  of  years  during  which 
time  several  systems  were  developed  for  use  in  a 
broad  range  of  atmospheric  extinction  studies.  A 
two-wavelength  (694  and  347  nm  )  ruby  lidar  and  a 
XeCl  exclmer  (308  rm)  lidar  have  been  used  to  measure 
extinction  in  the  troposphere  using  both  elastic 
(Rayleigh,  Mie)  and  Raman  scattering. 

More  recently  as  part  of  our  newly  created  Ontario 
Centre  of  Excellence,  ISTS  (Institute  for  Space  and 
Terrestrial  Science),  we  have  built  a  Nd:YAG  based 
lidar  operating  at  1064  and  532  nm  to  extend  our 
measurements  into  the  stratosphere  at  altitudes  up  to 
60  km.  In  addition  we  are  developing  a  Differential 
Absorption  Lidar  (DIAL)  system  for  measurements  of 
stratospheric  ozone  at  altitudes  between  15  and  35 
km. 

Prime  atmospheric  parameters  of  interest,  the 
extinction  coefficient  o  (m“^)  and  the  backscatter 
coefficient  B  (m'*  sr'^)  are  related  through  the  lidar 
equation, 

P(r)  »  Pj  exp  (  -2  ija  (r')  dr')  (1) 


Where  P(r)  is  the  backscatter  power  from  a  range  r 
and  the  constant  P  Includes  the  transmitted  power, 
receiver  area  and  tne  Instrtsnent  calibration  factor. 

For  a  quantitative  determination  of  a  this  equation 
can  be  inver' jd  provided  a  relationship  between  o  and 
B  is  assuned.  Theoretically  in  a  non-absorbing 
atmosphere  they  are  related  through  the  backscatter 
phase  function,  ^  =  (P^/4n)a,  however,  in 

a  real  atmospheric  situation  they  depend  in  a  coin)lex 
way  upon  the  microstructure  of  the  atmosphere  and  are 
spatially  and  tein>orally  variable.  Therefore  a 
relationship,  6  =  (C,  k  constants)  is  used  to 

obtain  a  solution  of  Eq.l  given  by  (Klett,  1985) 

exp  I(S  -  S^)/k) 

o(r)  - - — -r— - 

l<r:'  +  r  /  f  exp  ((S  -  S,)/k)  dr' 

£  K  j 

where  S(r)  =  In  (r2  P(r))  and  Sf,  r  f ,  are  the 

boundary  conditions  at  the  far  encf  of  the  profile. 
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We  have  Investigated  Inversion  methods  involving 
both  modelling  and  additional  measurements  of  the 
atmospheric  properties  to  reduce  the  ambiguity 
associated  with  the  assumed  coupling  between  o  and 
3-Varlous  aspects  of  Ildar  Inversion  techniques  have 
been  examined  using  Ildar  measurements  of  differing 
atmospheric  conditions  In  an  effort  to  optimize  the 
accuracy  of  these  Inversion  solutions.  Our 
analytical  procedures  yield  rather  accurate 
extinction  coefficient  profiles  for  the  probing  of 
tropospheric  clouds  where  a  three  order  of  magnitude 
variation  Is  often  exhibited  within  a  single  profile. 
In  clearer  atmospheres  demonstrating  lesser 
variations  In  extinction  coefficient,  the  accuracy  of 
the  inversion  methods  Is  also  quite  good  if  care  Is 
taken  In  the  estimation  of  the  boundary  value  for  the 
extinction  coefficient.  The  effects  of  this  boundary 
value  on  the  Inverted  extinction  profiles  has  been 
examined  in  some  detail. 

The  backscatter  profile  of  Fig.  1  demonstrates  the 
Ildar  capability  to  successfully  resolve  many  layers 
In  a  multilayer  cloud  of  about  1  km  thickness, 
situated  with  a  1  km  base  altitude. 


With  Of  n  0.5  krtf'  at  rf  =  2  km  a  sample  Inversion 
of  the  data  In  Fig.l  using  Eq.2  Is  given  as  curve  A 
In  Fig. 2  where  o  u  shown  as  a  5  decade  logarithmic 
plot  as  a  function  of  height.  It  has  been  found  that 
for  Ildar  returns  In  which  clouds  are  present  Initial 
values  of  greater  than  0.5  km”^  are  appropriate 
because  such  values  provide  little  variation  In  near 
field  value  of  the  extinction  coefficient.  Using 
these  near  field  values,  o^  ,  further  Iterations 
provide  Inprovement  on  the  Initial  profile  as  shown 
by  curve  B.  This  approach  Involves  the  use  of  the 
Newton  Iteration  method  to  minimize  the  difference 
between  the  measured  and  calculated  values  of  S(r)  on 
a  point  by  point  basis  along  the  profile. 


Fig. 2  Extinction  profiles  derived  from  the  data  of 
Fig.l. 


Fig.l: 


Lidar  backscattering  profile. 


LIdar  Is  also  capable  of  demonstrating  atmospheric 
fine  structures  and  their  dynamics.  The  time-height 
Intensity  plot  of  200  lidar  profiles  shown  in  Fig. 3 
gives  a  time  history  of  atmospheric  attenuation 
variation  over  a  period  of  2  hours. 


Fig. 3:  Time-height  intensity  variation  using  200 
lidar  pulses. 


Details  of  the  spatial  and  temporal  variation  of 
the  atmospheric  extinction  are  clearly  visible  in 
such  lidar  data.  This  figure  shows  an  interesting 
feature  at  an  altitude  of  about  2  km.  This  low 
density  aerosol  layer  is  descending  during  the  time 
of  observation  with  an  oscillatory  anplitude  of  about 
380  m.  Such  time  series  of  lidar  data  can  show  the 
three  dimensional  behaviour  of  atmospheric  extinction 
with  excellent  space  and  time  resolution.  A  nunber 
of  exanples  including  colour  displays  will  be 
included  in  the  conference  presentation. 
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The  U.S.  Navy  GEOSAT  altimeter  satellite  has  operated  successfully  for  more 
than  four  years.  Tropical  Pacific  sea  level  variations,  and  all  wind  speed  and 
wave  height  values  from  the  initial  18-month  classified  mission  have  been  computed 

and  released.  The  Exact  Repeat  Mission  (ERM),  which  began  November  8,  1986,  has 

produced  nearly  three  years  of  additional  data  which  are  routinely  processed  into 
unclassified  Geophysical  Data  Records  (GDR’s)  by  the  National  Ocean  Service  of 
NOAA  and  distributed  to  more  than  40  institutions  worldwide.  In  addition,  GEOSAT 
sea  level  data  in  the  tropical  Pacific  and  Indian  Oceans  are  being  processed  in 
near-real  time  (1-month  delay)  and  are  distributed  in  map  form  as  an  operational 

NOAA  product. 

GEOSAT  altimeter  data  were  initially  considered  by  some  ‘'.vestigators  to  be 
suitable  only  for  mesoscale  investigations  of  sea  level  becau  -  of  low  accuracy 
(a  few  m)  orbits  and  lack  of  instrumentation  on  the  satellite  to  correct  for  water 

vapor  and  ionosphere  effects.  However,  radial  orbit  error  affecting  studies  of 

sea  level  variability  is  confined  to  very  long  wavelength  (the  orbital 
circumference),  water  vapor  models  exist  that  are  adequate  for  time  scales 

exceeding  a  few  weeks,  and  a  simple  iono^here  model  has  sufficed  because  of  low 
solar  activity  so  far  in  the  mission.  Thus  in  the  tropical  Pacific  ocean,  NOS 

investigators  succeeded  in  obtaining  detailed  maps  of  monthly  sea  level  variation 
that  agree  to  a  few  cm  with  island  tide  gauges. 

Like  earlier  satellite  altimeters,  GEOSATs  primary  contribution  to  ocean 
dynamics  is  in  determination  of  sea  level  variability.  The  GEOSAT  data  are  unique, 
however,  because  of  their  global,  long-term  coverage.  Whereas  previous  analyses 
were  limited  largely  to  short-term  variability  statistics,  emphasis  is  now  on 
generation  of  discrete  sea  level  time  series  with  record  lengths  of  several  years. 
These  time  series  are  roughly  equivalent  to  low-pass  filtered  tide  gauge  records, 
where  periods  of  2  weeks  and  longer  are  resolved.  From  regular  grids  of  these 

altimetric  records,  sea  level  anomafy  maps  can  be  produced,  and  large-scale 
movements  of  water  can  be  traced. 

We  have  derived  time  series  of  sea  level  throughout  the  tropical  Pacific  Ocean 
for  the  first  4  years  of  the  GEOSAT  mission  (1985-89).  A  clear  relationship  is 
seen  between  changes  in  sea  level  and  fluctuations  in  the  large-scale  wind  field 
on  time  scales  of  weeks  to  months.  This  time  period  is  particularly  valuable 
because  it  includes  the  1986-87  El  Nino,  providing  the  first  complete  picture  of 
sea  level  variability  during  an  El  Nino  event.  The  GEOSAT  data  also  document  the 
cold  episode,  or  anti-El  Nino  conditions  that  were  observed  in  1988-89. 
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Abstract 

Estimates  of  the  absolute  dynamic  topography  of  the 
sea  surface  were  derived  from  GEOSAT  altimetric  mea¬ 
surements  by  employing  a  ‘synthetic’  geoid.  The  ‘syn¬ 
thetic’  geoid  was  estimated  by  subtracting  a  mean  sea 
surface  computed  using  a  Harvard  University  model  of 
the  Gulf  Stream  from  a  mean  sea  surface  derived  from 
GEOSAT  radar  altimeter  data.  Harvard  University’s  op¬ 
erational  Gulf  Stream  model  was  used  to  estimate  the 
‘true’  mean  oceanographic  sea  surface.  The  model  as¬ 
sumes  quasi-geostrophlc  baroclinic  conditions  with  asur 
face-  boundary-layer  component  with  higher  order  physics 
Computations  of  the  ocean’s  absolute  dynamic  topogra¬ 
phy  derived  from  GEOSAT  compare  well  with  absolute 
sea  surface  height  measurements  estimated  from  Air  Ex¬ 
pendable  Bathythermogrphs  (AXBTs)  which  were  made 
along  GEOSAT’s  ground  track  in  the  model  region  (20 
km-100  km  spacing  of  AXBT  drops)  and  with  sea  surface 
topography  as  computed  from  the  model.  Preliminary 
comparisons  show  frontal  locations  to  be  within  40  km 
for  placement  of  the  Stream  and  within  20  km  for  place¬ 
ment  of  the  rings,  and  peak  topography  differences  to  be 
less  than  10cm  RMS. 

Keywords.  GEOSAT,  Model,  Gulf  Stream,  Altimetry 

1  Gulf  Stream  Model 

The  Harvard  University  Gulf  Stream  model  (Robinson  and 
VValstad,  1987)  is  the  dynamical  component  of  an  operational 
“Gulfcast”  scheme,  that  provides  weekly  forecasts  of  the  Gulf 
Stream  and  ring  positions  (Glenn  et  al.,  1987).  This  effort  has 
over  two  years  of  results.  The  model  uses  quasi-geostrophic  baro- 
clinic  dynamics  and  can  employ  a  surface-boundary-layer  com¬ 
ponent  wiih  higher  order  physics  (Robinson  et  al.,  1988).  The 
Gulf  Stream  and  its  associated  rings  are  strong  oceanographic 
features  that  are  represented  by  subsurface  feature  models  in 


used  to  form  the  initial  conditions  of  the  model  as  shown  in  the 
contour  map  of  streamlines  in  Figure  la.  The  Gulf  Stream  axis 
and  ring  locations  are  determined  from  infrared  data,  AXBT 
data  and  more  recently,  altimeter  data  (Robinson  et  al.,  1989). 
After  the  initial  conditions  of  the  model  are  given,  a  seven  day 
forecast  is  made  from  the  model  with  days  3  and  7  of  the  fore¬ 


cast  shown  in  Figures  lb  and  Ic.  The  large  meander  of  the  Gulf 
Stream  at  62°  W  in  Figure  la,  which  is  pinched  off  to  form  a 
warm  core  ring  by  day  3  of  the  forecast,  demonstrate  the  power 
of  the  model  to  represent  the  phenomena  that  occur  in  this  en¬ 
ergetic  current  system.  Flom  October  7,  1987  until  the  end  of 
1988,  these  operational  foreccists  of  the  Gulf  Stream  were  gener¬ 
ated  weekly. 

A  mean  sea  surface,  shown  in  Figure  2,  was  formed  by  averag¬ 
ing  all  of  the  daily  ’’Gulfcasts”  from  October  7,  1987  to  October 
4,  1688.  This  preliminary  research  examined  other  averaging 
schemes  (c.g.,  averaging  just  the  52  initializations),  but  found 
little  difference  between  them.  Future  work  will  investigate  the 
use  of  matched  averages,  i.e.,  only  averaging  the  model  results 
along  a  specific  satellite  track  when  the  altimeter  is  acquiring 
data.  The  GEOSAT  pass  shown  in  Figure  2  corresponds  to  the 
one  pass  investigated  in  this  paper.  For  this  pnss  the  mean  sea 
surface  due  to  the  oceanography  was  computed  by  sampling  the 
sea  surface  height  represented  in  Figure  2  at  positions  along  the 
pass  where  altimetric  means  were  computed. 

2  GEOSAT  Altimeter 

GEOSAT,  which  was  designed  and  built  by  The  Johns  Hop¬ 
kins  University  Applied  Physics  Laboratory,  became  operational 
for  its  Exact  Repeat  Mission  on  November  8, 1986.  The  satellite 
is  equipped  with  a  pencil  beam  nadir  looking  radar  operating  at 
13.5  GHz.  The  satellite  measures  the  distance  to  the  sea  surface 
ten  times  every  second  from  which  a  one  second  mean  is  formed 
with  a  total  rms  noise  level  of  between  5  and  1 1  cm  (LeShack  and 
Sailor,  1988).  The  once  per  second  measurements  correspond  to 
one  observation  every  6.7  km  along  the  groundtrack.  The  satel¬ 
lite  takes  nominally  100  minutes  per  orbit  and  the  groundtrack 
is  repeated  every  17,05  days,  thus  there  are  22  complete  cycles 
every  year.  The  altimeter  data  was  corrected  for  ocean  tides, 
earth  tides  and  the  effects  of  the  troposphere  and  ionosphere 
(Cheney  et  al.,  1987). 

To  compute  the  altimetric  mean  sea  surface  along  the  track 
shown  in  Figure  2  a  reference  pass  was  chosen.  The  relative  or¬ 
bit  error  between  a  new  pass  and  the  reference  pass  due  to  the 
inaccuracies  in  the  initial  conditions  used  to  compute  the  satel¬ 
lite’s  cphenieris  is  removed  by  using  either  a  linear  or  quadratic 
least  squares  fit  of  the  difference.  This  method  removes  the  long 
wavelength,  0(500  km),  relative  orbit  error  and  a  small  oceano¬ 
graphic  signal  of  the  same  wavelength.  Once  this  procedure  is 
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OPERATIONAL  EVALUATION  FORECAST 

NEW  DATA  IR.  GEOSAT 

Figure  Slreamfunction  at  100  m 


Figure  1  Tlie  three  panels  correspond  to  (a)  the  initialization  of 
a  Gulf  Stream  forecast  based  on  IR,  AXBT,  and  GEOSAT 
data  for  May  25,  1988,  (b)  is  day  3  of  the  forecast  for  May 
28,  1988  and  (c)  is  7  day  of  the  forecast  for  June  1,  1988. 
Tlie  contour  lines  are  streamlines  with  the  dashed  values 
being  less  than  zero. 


carried  out  for  all  the  passes  the  mean  sea  surface  can  be  com¬ 
puted  at  each  observation  p./int  along  the  reference  pass.  For  a 
year  of  data  that  would  be  an  average  of  22  measurements  at 
each  observation  point,  however,  due  to  the  drop  outs  of  data 
from  the  satellite  [Cheney  et  al.,  1988),  this  number  is  usually 
less  than  22  and  for  the  specific  case  shown  here,  it  is  20.  Thus 
relative  to  the  reference  pass  there  is  a  mean  sea  surface  that  is 
composed  of  the  unknown  gcoid  and  the  average  of  the  oceano- 
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the  reference  pass,  thus  we  are  not  able  to  absolutely  determine 
a  geoid  estimate,  hence  the  name  ‘synthetic’  geoid.  However, 
if  all  future  measurements  are  referenced  to  the  same  reference 
pass  they  will  contain  tlie  same  unknown  orbit  error  and  when 
the  ‘synthetic’  geoid  is  subtracted  from  the  new  pass  to  calcu¬ 
late  the  absolute  topography,  the  unknown  orbit  error  will  cancel 
out. 


Longitude 


Figure  2  The  isopleths  are  levels  of  constant  sea  surface  topog¬ 
raphy  in  intervals  of  8  cms  for  a  one  year  average  of  the 
Gulf  Stream  model.  The  line  cutting  perpendicular  to  the 
Stream  is  the  ascending  GEOSAT  track  that  was  used  in 
this  study. 


A  sensitivity  study  of  the  altimetric  mean  sea  surface  was 
made  to  determine  whether  a  linear  or  quadratic  equation  should 
be  used  to  remove  the  orbit  error,  and  also  whether  only  altimet¬ 
ric  data  acquired  over  the  deep  ocean  i.e.  greater  than  2250  m, 
should  be  used.  The  orbit  error  sensitivity  was  examined  first 
by  using  the  ascending  pass  shown  in  Figure  2.  The  satellite 
track  was  2500  km  in  length  and  stopped  at  the  2250  m  bottom 
contour.  A  mean  sea  surface  computed  using  a  quadratic  fit  and 
a  mean  sea  surface  computed  using  a  linear  fit  to  the  relative 
orbit  error  were  differenced  and  plotted  as  a  function  of  latitude 
in  Figure  3.  Note  that  if  a  linear  fit  is  chosen  and  there  is  a 
higher  order  term  in  the  orbit  error,  then  that  term  will  mani¬ 
fest  itself  as  part  of  the  oceanographic  signal.  And  similarly  if 
the  quadratic  fit  is  used  it  may  remove  a  quadratic  term  from 
the  oceanographic  signal.  It  is  impossible  from  this  preliminary 
investigation  to  say  which  of  the  two  occurs,  however,  as  the 
difference  plot  in  Figure  3  shows  the  resultant  curve  has  a  small 
amplitude,  8.4  cm,  and  a  long  wavelength,  850  km.  Hence,  the 
type  of  signal  that  would  be  wrongly  added  using  the  linear  or 
wrongly  removed  using  the  quadratic  is  on  the  order  of  1  cm/100 
km.  Since  the  type  of  signal  we  are  measuring  in  the  Gulf  Stream 
is  on  the  order  of  100  cm  in  100  km  the  orbit  error  removal  using 
either  method  will  not  corrupt  the  measurement. 

A  similar  sensitivity  study  was  performed  on  the  variation  in 
mask  depth  used.  Five  depths  were  used  ranging  from  zero  to 
2250  m  depth  with  the  comparison  between  these  two  extremes 
yielding  the  largest  change  in  the  mean  sea  surface  i.e.  1.5  cm 
over  an  arc  860  km  in  length.  This  gives  a  slope  of  .2  cm/  100 
km,  which  is  a  negligible  effect. 

3  Comparisons 

For  this  preliminary  investigation  an  arc  2500  km  in  length 
terminating  at  the  2250  m  depth  contour  and  a  quadratic  equa¬ 
tion  used  to  remove  the  orbit  error  relative  to  a  chosen  reference 
pass  were  used.  For  the  year  of  data  beginning  on  October  7, 
1987  there  were  20  repeat  passes  over  this  track  that  were  used 
to  form  an  altimetric  mean  sea  surface  that  consists  of  the  gcoid, 
the  mean  oceanography  and  some  undetermined  orbit  error  as¬ 
sociated  with  the  reference  pass.  From  the  Harvard  Gulfcast  es¬ 
timates  of  the  Gulf  Stream  a  one  year  average  consisting  of  364 
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Fi_,jre  3  This  plot  is  the  diirereiicc  of  the  mean  sea  surface 
computed  using  a  linear  fit  to  the  orbit  error  minus  the 
mean  sea  surface  computed  using  a  quadratic  fit  to  the  or¬ 
bit  error  as  a  function  of  latitude  for  the  single  pass  shown 
in  Figure  2. 

days  of  Gulfcast  realizations  weie  made  and  subtracted  from  the 
altimetric  mean  to  obtain  an  estimate  of  the  ‘synthetic’  geoid. 

Figure  4  shows  a  comparison  of  the  absolute  topography  com¬ 
puted  from  the  altimeter  using  the  ’synthetic’  geoid  for  October 
8,  1987  compared  with  the  model  output  along  the  identical 
ground  track  for  the  same  day.  The  amplitude  of  the  Stieam  is 
larger  for  the  altimeter  than  for  the  model,  however  the  place¬ 
ment  of  the  stream  axis  and  the  placement  of  the  warm  core  ring 
are  within  20  km.  The  rms  error  between  the  two  moasurements 
was  22  cm  and  the  correlation  coefficient  between  the  two  curves 
.91.  This  is  an  encouraging  preliminary  result  and  many  more 
passes  and  comparisons  need  to  be  made.  We  believe  that  the 
methodology  works  well  and  that  the  Geosat  estimate  of  dynamic 
topography  is  more  accurate  than  that  forecast  by  the  Gulfcast 
scheme.  The  data  compared  here  was  also  used  in  the  formation 
of  the  sea  surface,  however  similar  comi)arisons  between  model 
results  and  absolute  topography  can  and  will  be  made  outside  of 
the  period  of  comparison.  As  long  as  the  new  data  is  referenced 
to  the  same  reference  pass  the  ‘synthetic’  geoid  can  be  used. 

An  AXBT  survey  w,-is  carried  out  along  the  same  ground 
track  on  May  6,  1987  by  the  Naval  Oceanographic  Office.  Mea¬ 
surements  were  made  of  the  oceans  temperature  as  a  function  of 
depth  by  dropping  AXBTs  at  a  nominal  spacing  of  20  km  along 
the  GEOSAT  groundtrack.  The  sea  surface  topography  was  es¬ 
timated  from  the  temperature-depth  profiles  after  the  method 
of  deWitt  [1987].  These  obscivations  were  made  before  the  time 
period  used  to  form  the  means.  Since  the  AXBTs  measure  only 
the  baroclinic  portion  of  the  absolute  sea  surface  height,  tlie  val¬ 
ues  may  have  a  bias  added  to  them.  This  was  done  for  the  two 
curves  shown  in  Figure  5  ivhere  they  were  forced  to  agree  at 
the  point  marked  by  an  'A'.  Ihe  solid  line  is  the  sea  surface 
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sea  surface  height  determined  from  the  altimeter.  Note  that  the 
along  track  placement  of  the  eddy  and  the  Gulf  Stream  show 
coincidence.  Figure  5  shows  a  deep  cold  core  eddy  located  at 
approximately  .37.5°  N  with  a  surface  depression  of  about  90  cm 
and  the  Gulf  Stream  located  at  40°  N  with  an  amplitude  of  about 
90  cm  also.  The  amplitude  of  the  Stream  as  measured  between 


Figure  4  The  solid  curve  represents  the  absolute  sea  surface 
topography  computed  using  the  altimetric  data  and  the 
’synthetic’  geoid  for  October  8,  1987.  The  dashed  curve 
is  the  corresponding  realization  of  the  sea  surface  height 
based  on  the  ‘Gulfcast’  for  that  day.  A  warm  core  ring  is 
located  at  41.5°  N  and  the  main  coie  of  the  Gui;  .Stream 
is  located  at  39.8°  N. 


Figure  5  The  solid  curve  is  the  sea  surface  height  derived  from 
the  temperature  at  300  m  based  on  the  measurements 
taken  from  the  AXBTs.  The  dashed  line  is  the  absolute  to¬ 
pography  computed  from  the  GEOSAT  altimeter  for  May 
6, 1087  The  pviTit  nicnivcu  uj  an  is  iMieie  tne  sea  suriace 
heights  of  the  two  curves  were  set  equal  to  each  other. 
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the  two  extremes  of  lieight  agree  to  within  1  cm.  The  correla¬ 
tion  coefficient  between  tlie  sea  surface  height  derived  from  the 
AXBTS  and  the  GEOSAT  altimeter  is  .96  and  the  rms  between 
the  two  is  8.8  cm. 


4  Conclusions 

These  preliminary  results  of  our  Phase  I  study  show  that  the 
computation  of  tlie  ’synthetic’  geoid  is  a  viable  method  for  ob¬ 
taining  the  absolute  sea  surface  topography.  Once  the  ‘synthetic’ 
geoid  is  estimated  it  can  be  used  for  all  time  as  long  as  all  new 
passes  are  referenced  to  the  same  reference  pass.  The  agreement 
with  in  situ  data  collected  from  AXBTs  agrees  to  within  8.8  cm 
rms  with  a  correlation  coefficient  of  .96. 
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MeasurementG  of  sea  surface  height  rcade  by  the  radar  altimeter 
aboard  the  U.S. Navy's  GEOSAT  now  cover  more  than  two  years  ,  from 
the  beginning  of  the  unclassified  data  period  in  November  1986. 
The  17-day  repeat  period  of  the  GEOSAT  orbit  results  in  a  spatial 
coverage  ideal  for  sea  level  variability  studies  of  the  North  East 
Atlantic  ana  its  neighbouring  shelf  seas. 

A  number  of  aspects  of  the  data  have  been  studied,  including  the 
sea  level  variability  over  the  whole  region  and  more  detailed 
variations  along  sub  satellite  tracks  near  to  the  British  coast. 
The  Geophysical  Data  Records  (GDR)  for  GEOSAT,  supplied  by 
NOAA/John's  Hopkins  University  Applied  Physics  Lab.,  Include 
correction  factors  for  all  the  geophysical  variables  which 
Introduce  delays  or  errors  into  the  radar  pulse  travel  time. 
Predicted  sea  level  variations  due  to  solid  earth  and  ocean  tides 
are  also  supplied.  All  these  correction  factors  have  been  used  in 
this  study,  except  for  the  ocean  tide  predictions  from  the 
Eohwiderski  global  ocean  tide  model.  These  have  been  replaced  by  a 
liner  resolution  model  of  the  N. E.  Atlantic  developed  by  Flather 
at  the  Proudman  Oceanographic  Lab..  This  has  significant  impact  on 
the  results  for  North  West  European  shelf  seas. 

Maps  of  root  moan  square  sea  level  variability  for  the  whole 
region  have  been  produced,  using  repeat  track  analysis  to  remove 
orbit  determination  errors.  Significant  spatially  and  temporally 
coherent  oceanic  features  can  be  seen,  despite  the  smaller 
amplitude  ol  variations  compared  to  a  western  boundary  current 
region,  for  example.  Summer  and  winter  variability  maps  have  been 
produced  to  investigate  seasonal  differences.  Also  the  impact  of 
the  significant  wave  height  correction  and  the  inverse  barometer 
effect  of  atmospheric  pressure,  on  such  maps  have  been  studied. 

For  Individual  track  investigations,  advantage  has  been  taken  of 
the  large  database  of  tide  gauge  measurements  available  at  the 
Proudman  Oceanographic  Lab.,  especially  where  they  lie  close  to 
sub-satellite  points.  For  example  the  tide  gauges  at  Lerwick  in 
the  Shetland  Isles  and  at  Wick  in  northern  Scotland  lie  near  the 
same  track.  This  enables  comparison  of  height  differences  along 
the  satellite  track  with  height  differences  between  the  tide 
gauges.  These  height  differences  are  shown  to  be  highly  correlated 
before  the  ocean  tide  signal  is  removed  from  each.  This  indicates 
that  the  GEOSAT  altimeter  is  capable  of  measuring  ocean  tide 


dllferences  to  good  accuracy  and  therefore  the  data  can  be  used  to 
derive  significantly  improved  ocean  tide  models.  A  technique  for 
removing  the  ocean  tide  signal  on  scales  too  small  for  the  Flather 
modal  to  resolve  has  been  tested.  The  resulting  residual  height 
differences  show  a  fair  degree  of  agreement  between  altimeter  and 
tide  gauges,  especially  where  certain  events  causing  declmetrlc 
sea  level  differences  have  occurred.  These  are  being  investigated 
using  a  storm  surge  prediction  model  and  in-sltu  current  meter 
data. 

The  aspects  of  this  study  investigated  and  the  results  obtained 
so  far  have  been  summarised  here.  Further  work  is  being 
undertaken,  especially  with  regard  to  storm  surge  model 
comparisons  and  combination  of  tide  gauge  and  current  meter  data 
with  altimetry,  to  monitor  events  causing  sea  level  differences  in 
North  West  European  shelf  seas. 
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ABSTRACT 


OBSERVATIONS  IN  THE  N.E.  PACIFIC 


Data  from  the  first  two  years  of  the  Exact  Repeat  Mission  of 
Geosat  have  been  analysed  to  detect  sea  surface  height 
anomalies  in  the  north-east  Pacific  (45°  to  60°N  andf  120°  to 
150°W).  Consistent  anomalies  'Aith  space  scales  of  order  100- 
300km,  recurring  after  successive  17  day  intervals,  are  observed 
on  individual  satellite  passes  with  amplitudes  of  10  to  30  cm,  and 
with  anomaly  displacement  velocities  along  the  satellite  track  of 
up  to  about  1  cm/s.  One  of  the  major  features  in  the  Geosat 
data  was  previously  identified  from  ship  measurements  and 
named  the  "Sitka"  eddy.  The  Geosat  data  give  improved 
temporal  and  spatial  information  on  such  eddies,  and  are  used 
here  to  study  the  persistence  and  intensity  variations  of  this 
feature.  Satellite  altimeter  data  should  be  able  to  provide  near- 
real-time  information  on  such  eddies  and  on  their  associated 
surface  currents. 

Key  words:  Satellite  altimetry,  Geosat,  ocean  circulation,  eddies. 


GEOSAT  ALTIMETRY  DATA 

The  US  Navy  Geosat  satellite  has  provided  altimetiy  data  in  its 
Exact  Repeat  Mission  (ERM)  since  November  1986.  The 
altimeter  measures  the  travel  time  of  pulses  emitted  vertically 
downwards,  and  reflected  back  to  the  satellite  by  an  area  of  the 
earth's  surface  typically  a  few  kilometers  across.  Accurate 
knowledge  of  the  satellite's  position  and  of  the  pulses' 
propagauon  speed,  allows  measurement  of  the  absolute  height 
of  the  earth's  surface.  Over  the  oceans,  the  mean  flatness  of  the 
sea  surface  on  kilometer  scales,  and  the  symmetry  of  height 
offsets  introduced  by  surface  waves,  allows  a  mean  range  to  be 
determined  with  a  precision  of  a  few  centimeters. 

Such  a  precision  gives  important  oceanographic  data  on  ocean 
circulation  and  on  smaller  scale  motions,  since  the  geostrophic 
balance  of  these  water  movements  on  a  rotating  earth  requires 
surface  height  changes  in  the  range  10  to  100cm.  Oceanic 
applications  of  such  data  have  been  demonstrated  by  Cheney  et 
al.  (1983),  Fu  and  Chelton  (1985)  and  Tai  et  al.  (1989). 

The  Exact  Repeat  Mission  was  chosen  to  duplicate  the  coverage 
pattern  provided  by  Seasat  in  1978.  In  the  repeat  oeriod  of  17 
days,  24^  satellite  orbits  cover  an  oblique  gri'd  with  an  equator 
crossing  separation  of  164km.  'The  coverage  pattern  is  defined 
by  ascending  node  longitudes  1.05°E  +  369n/244  for  n  =  1  to 
244,  orbit  inclination  of  108.04°  and  period  of  6037.55s. 


The  present  study  covers  the  area  45  to  60°N,  120  to  150°W. 
Ascending  orbit  tracks  cross  this  area  with  a  mean  spacing  of 
about  90km  as  shown  in  Figure  1.  These  tracks  correspond  to  n 
=  166  to  173  in  the  formula  for  ascending  node  longitudes  given 
above.  Similar  descending  tracks  also  cross  this  area 
approximately  orthogonally  to  those  shown.  Much  of  the  data 
from  these  tracks  are  unusable  due  to  an  attitude  instability  of 
the  satellite  after  crossing  arctic  Canada,  and  information  from 
these  orbits  is  not  considered  here. 


Figure  1.  Map  of  the  study  area  showing  the  coast  of  Alaska  and 
British  Columbia,  the  positions  of  Geosat 
ascending  orbit  tracks  for  n  =  166  to  173,  and  the 
position  and  approximate  scale  of  the  recurring 
"Sitka"  eddy  reported  by  Tabata  (1982). 
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Figure  2a.  Plots  of  anomaly  heights  deduced  from  Geosat  data,  relative  to  the  mean  of  the  first  34  repeats 
in  the  ERM,  for  tracks  corresponding  to  n  =  172  (left)  and  173  (right).  Data  are  shown  for 
the  tracks  plotted  in  Figure  1,  with  latitude  decreasing  to  the  right.  The  vertical  line 
indicates  the  latitude  of  the  Sitka  eddy  reported  by  Tabata  (1982).  The  latitude  of  Cape  St. 
James  is  also  shown  for  reference.  A  vertical  scale  of  30cm  is  shown  at  the  centre. 
Approximate  dates  are  indicated  to  the  right. 


Copies  of  tapes  of  the  Geosat  global  data  set  are  received  from 
NOAA  m  the  USA,  via  MEDS  in  Ottawa,  typically  6  months 
after  data  collection.  One  6250  bpi  tape  covers  two  17  day 
cycles.  Corrections  listed  on  the  tapes  for  variations  in  geoid 
height,  solid  earth  and  ocean  tides,  water  vapour  and 
atmospheric  pressure  (propagation  and  inverse  barometer 
corrections),  ionosphere  electron  content  and  satellite  attitude, 
are  applied  to  the  altimetry  data. 

'Die  major  error  remaining  is  in  knowledge  of  the  satellite's 
absolute  vertical  position.  Diis  can  amount  to  several  meters, 
but  is  slowly  varying  over  a  spatial  scale  of  several  thousand 
kilometers.  The  error  for  each  orbit  track  is  compensated  in  the 
present  study  by  subtracting  the  best  fit  second  order  polynomial 
function  of  along-track  distance  from  the  observed  surface 
heights.  The  correction  is  computed  separately  for  each  satellite 
pass  along  each  track  over  deep  water  in  a  larger  area  covering 
0°  to  eO^N  and  90°  to  180°W. 

Inaccuracy  of  the  geoid  heights  listed  on  the  Geosat  data  tapes  is 
also  significant  at  the  space  scales  ( < 500km)  being  studied  riere. 
Height  anomalies  are  therefore  computed  as  the  cJifference  of 
the  corrected  heights  along  each  track  from  the  two  year  mean 
for  that  track. 


Repeat  measurements  of  sea  surface  height  anomalies 
computed  in  this  way  at  17  day  intervals  from  November  1986  to 
June  1988  are  displayed  in  Figure  2.  Data  from  each  satellite 
track  are  plotted  along  a  horizontal  axis,  with  the  34  repeat 
measurements  made  by  Geosat  in  the  above  period,  aligned 
vertically  by  latitude.  Missed  passes  (15  out  of  272  discussed 

OfV.  ,sC  *U  ^  Ar,*^  A^},**^A 
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have  been  lineariy  interpolated.  The  data  were  then  smoothed 
over  60  consecutive  kilometers  along  track  and  over  3 
consecutive  passes  between  tracks.  In  Figure  2a  the  data  for  the 
34  repeat  passes  for  n  =  172  and  173  are  plotted  graphically.  In 
Figure  2b  the  height  anomalies  are  codec!  as  grey  scale 
variations  from  black  (about  30cm  low)  to  white  (about  30cm 
high),  relative  to  a  mean  level  shown  as  a  neutral  grw.  Data  are 
shown  for  all  the  passes  whose  tracks  are  plotted  in  Figure  1. 


T”  _  ...  >t.  /Info  flto  cofTlA 

1  I^UIV  V^iVjr  .amahs,  umsm,  s.>.» 

axes,  as  Figure  2a,  but  including  all  tracks  from  n 
=  173  (tort  to  166  (bottom).  Each  rectangle 
shows  the  height  anomaly  data  for  34  consectuive 
satellite  cycles.  Heights  are  coded  as  image 
brightnesses  for  a  range  of±  30cm  about  a  mean 
value.  The  position  of  the  Sitka  eddy,  visible  on 
tracks  172  and  173,  is  indicated  by  the  vertical 
arrow  above  the  Figure. 
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Figure  3.  Anomaly  heights  (in  cm)  observed  for  the  Sitka  eddy  in 
each  of  the  research  cruises  between  1956  and 
1962  reported  by  Tabata  (1982). 


The  data  in  Figure  2  cover  a  time  period  of  1.5  years.  Height 
variations  with  an  aimual  period  are  visible  on  the  left  end  of 
each  track  in  Figure  2b  corresponding  to  positions  close  to  the 
Alaska  coast,  and  also  towards  the  ri&t  hand  end  of  the  top  3 
passes,  off  the  coast  of  Vancouver  Isltmd.  These  larger  scale 
phenomena  may  be  artifacts  of  the  tidal  model  used  to  correct 
the  Geosat  data,  but  are  being  investigated.  They  are  not 
discussed  further  here. 

The  data  clearly  show  height  anomalies  with  coherence  scales  of 
order  150km  (along  the  tracks  shown)  in  space,  and  3  months 
(about  5  repeat  cycles)  in  time.  The  small  scale  anomalies  are 
more  intense  closer  to  the  Alaska/BC  coa.st  (n  =  171-173)  than 
in  passes  further  offshore,  and  are  also  concentrated  to  the  left 
(north-west)  ends  of  the  tracks. 

Several  of  the  anomalies  appear  in  the  same  place  for  periods  of 
a  few  months.  In  other  cases,  movement  of  the  anomaly  along 
the  satellite  track  is  evident  in  both  Figures  2a  and  2b.  A  feature 
showing  a  trend  at  45  degrees  to  the  vertical  in  Figure  2b  would 
have  a  speed  of  0.6cm/s.  Along-track  speeds  appear  to  be  in  the 


range  0  to  1  cm/s,  with  all  apparent  movement  to  the  north¬ 
west.  Data  presentation  is  presently  being  improved  to  show  the 
consistency  of  feature  visibility  from  track  to  track  and  to  study 
the  hill  motion  in  two  dimensions. 

Previous  studies  of  the  height  anomalies  in  this  area  have  been 
reported  by  Tabata  (1982)  who  shows  a  series  of  maps  of 
geopotential  anomaly  relative  to  1000m  deduced  from 
hydrographic  (bottle  cast)  station  data  measured  on  US/Canada 
ship  cmises  between  195o  and  1962.  These  show_  height 
anomalies  with  similar  space  and  time  characteristics  to  those 
sh  wn  in  Figure  2.  Stations  covered  an  irregular  grid  with  a 
s pacing  of  ITO  -  200km,  concentrating  on  the  area  under  the 
satellite  tracks  in  Figure  1,  but  extending  over  the  whole  area 
shown.  Typical  cruise  duration  was  about  30  days.  The  Geosat 
data  provide  improved  spatial  coverage  (lines  separated  by 
901cm),  with  observations  along  the  lines  spaced  at  3  day 
intervals  over  the  17  day  satellite  repeat  period. 


INTENSITY  OF  THE  SITKA  EDDY 

The  most  active  eddy  reported  by  Tabata  (1982)  appeared  in 
about  50%  of  observations  at  a  roughly  constant  position  off 
Sitka,  Alaska,  centered  at  about  57®N,  138°W,  and  with  a 
diameter  of  200-300km.  The  approximate  surface  height 
anomalies  observed  on  each  cruise  for  this  eddy  are  re-plotted 
from  Tabata’s  original  data  in  Figure  3  (Tabata,  pers.  comm.). 
These  show  a  positive  height  anomaly  of  15  to  30cm,  present  at 
this  location  on  over  50%  of  the  cruises. 

The  Geosat  altimeter  observations  cross  the  region  of  this  eddy 
as  shown  in  Figure  1,  and  the  above  mean  position  of  the  eddy  is 
indicated  on  Figure  2b.  A  positive  height  anomaly  of  about  l5cm 
occurs  at  this  position  in  May/June  1987,  with  a  spatial  extent  of 
100km.  A  larger  anomaly  of  about  20-30cm  occurs  in  April/May 
1988. 

A  constant  height  anomaly  in  a  fixed  position  will  be  removed 
from  the  data  ^own  in  Figure  2  when  the  mean  observed  height 
is  subtracted  from  the  observations.  Heights  at  the  expected 
position  of  the  Sitka  eddy  in  Figure  2  are  both  positive  and 
negative  with  respect  to  the  mean,  suggesting  either  a  reversing 
eddy,  or  variable  intensity  in  one  sense  of  rotation.  Tabata's 
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Figure  4.  Anomaly  heights  above  the  minimum  observed  for  the  Sitka  eddy.  Data  presentation  similar  to 
Figure  2a. 
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Figure  5.  Time  series  of  Sitka  eddy  anomaly  height  (in  cm)  computed  from  the  Geosat  data  for  the  track 
with  n  =  173  for  the  period  November  1986  to  June  1988. 


observations  are  of  a  positive  height  anomaly,  suggesting  that 
negative  observed  heights  are  an  artifact  of  the  mean 
subtraction.  If  the  negative  anomaly  observed  in 
September/October  1987  is  interpreted  as  representing  absence 
of  the  eddy,  then  the  heights  observed  at  this  time  should  be 
added  to  all  other  observations  to  produce  the  revised  plot 
(Figure  4).  This  naturally  shows  an  intensified  eddy  at  the  same 
location. 

The  time  series  of  the  surface  height  anomaly  is  shown  in  Figure 
5.  The  heights  were  computed  above  a  linear  base  line 
connecting  regions  200km  on  either  side  of  the  marked  position 
in  Figure  4.  Tne  subtraction  of  the  negative  (Sept/Oct  1987) 
anomaly  has  had  the  effect  of  shifting  the  baseline  of  this  plot 
downwards. 

With  this  inteipretation,  the  eddjf  appears  to  have  had  two 
periods  of  activity  during  the  period  shown.  One  from  May  to 
August  1987,  the  other  commencing  in  February  1988.  This  type 
of  variability  would  be  aliased  by  the  cruise  sampling  in  Figure 


The  slopes  indicated  in  Figure  2  in  the  neighbourhood  of  the 
Sitka  eddy  are  of  the  order  of  30  cm  over  lOOkm,  implying  a 
geostrophic  current  of  about  25cm/s.  Such  an  eddy  at  the 
location  shown  in  Figure  1  would  induce  a  south-east  flowing 
surface  counter  current  between  latitudes  56  and  58N  offshore 
of  the  north-westward  coastal  current,  and  would  therefore  have 
an  important  effect  on  the  surface  flow  in  the  Gulf  of  Alaska. 
Such  a  reversal  of  the  normal  flow  pattern  was  of  particular 
concern  during  the  recent  Valdez  oil  spill. 

Satellite  altimeter  data,  if  available  with  sufficiently  small  delay, 
could  therefore  be  useful  for  guiding  those  involved  in 
prediction  of  oil-spill  movements.  Tne  present  data  reception 
and  pre-processing  system  operated  by  the  applied  Physics 
Laboratory  (Johns  Hor/Kins  University)  and  NOAA,  can  make 
the  data  available  in  about  10  days  (L  Miller,  pers.  comm.), 
sufficiently  fast  to  influence  response  planning. 


CONCLUSIONS 

Even  on  a  relatively  local  scale,  satellite  altimetry  provides  data 
that  can  considerably  expand  knowledge  of  ocean  dynamics. 
Comparison  with  .il'ip  data  previously  available,  shows  the 
advantage  of  the  satellite's  wide  and  repeated  spatial  and 
temporm  coverage.  Interpretation  of  the  satellite  data  could 
have  been  improved  if  the  descending  satellite  passes  had 
provided  more  consistent  coverage. 

The  example  of  the  Sitka  eddy,  shown  above,  demonstrates  an 
application  of  satellite  altimet^  where  near-real-time 
availability  of  the  data  can  be  important. 
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Mesoscale  variability  off  California  as  seen  by  the  GEOSAT  altimeter 
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P.M.  KOSRO  and  A.  HUYER  (College  of  Oceanography,  Oregon  State  University,  Corvallis  OR  97331) 


Abstract.  GEOSAT  altimeter  data  was  used  to  study  the  seasonality,  spatial  distribution  and  propagation 
of  mesoscale  features  in  the  California  Current.  Relative  topography  from  the  altimeter  was  first  com¬ 
pared  with  dynamic  topography  from  collinear  hydrographic  sections.  After  removing  a  mean  offset,  the 
rms  difference  was  3-4  cm,  barely  more  than  the  noise  of  the  altimeter.  Statistics  of  relative  topography 
variability  were  then  estimated  over  19  months.  Variability  reaches  10-12  cm  rms  near  the  coast  off 
Northern  California,  Point  Conception,  and  Point  Eugenia.  High  variability  off  Northern  California 
extends  offshore  as  two  bands  -200  km  wide,  one  towards  the  southwest,  the  other  one  towards  the  west 
following  the  Mendocino  escarpment.  It  deaeases  westward  reaching  the  background  of  4  cm  rms  at  600 
km  from  the  coast.  It  also  decreases  to  -4  cm  rms  north  of  42°N  and  south  of  26®S,  even  near  the  coast. 
Time-latitude  correlations  show  poleward  propagation  of  sea  level  anomalies  at  about  4  km/day  for  the 
two  tracks  closest  to  shore,  but  not  further  offshore.  Rms  alongshore  topography  between  30°N  and 
40°N  has  a  marked  seasonal  cycle.  Close  to  shore,  it  is  smallest  in  fall  and  winter,  and  largest  during  the 
upwelling  season.  The  cycle  lags  by  -0.5  day/km  and  decreases  in  amplitude  westward;  it  is  not 
detected  further  than  -500  km  offshore.  This  suggests  that  mesoscale  variability  in  the  California  Current 
is  dominated  by  the  growth  and  seaward  migration  of  meanders  of  the  upwelling  front,  dynamically 
linked  to  the  wind-driven  coastai  upwelling  cycle.  (California  Current,  mesoscale  eddies,  altimeter). 


1.  Introduction 

The  summertime  mesoscale  flow  off  Central  and 
Northern  California  consists  of  large  meanders  of  the  Cali¬ 
fornia  Current.  The  seaward  branches  of  the  meanders  are 
-  40  km-wide  baroclinic  jets  that  transport  about  2  T0*m^/s 
of  cold  water  westward  from  the  coastal  upwelling  region. 
They  appear  on  satellite  infrared  images  as  cold  filaments 
that  extend  up  to  400  km  offshore  and  are  generally 
referred  to  as  upwelling  filaments  (Brink,  1983,  1987).  The 
structure  of  these  meanders  in  spring  and  summer  is  well 
known  off  Point  Arena  (39'’N)  and  off  Point  Conception 
(34‘’N),  having  been  studied  in  numerous  field  programs 
(Rienecker  et  al,  1985;  Flament  et  al,  1985;  Kosro  and 
Huyer,  1986;  Barth  and  Brink,  1987;  Coastal  Transition 
Zone  Group,  1988).  However,  little  is  known  of  the  struc¬ 
ture  of  the  flow  at  other  locations,  and  at  other  times  of  the 
year. 

Our  objective  in  this  paper  is  to  study  the  spatial  dis¬ 
tribution,  the  propagation  and  the  seasonality  of  these 
mesoscale  features  along  the  West  coast  of  North  America, 
from  20°N  to  50°N,  using  ocean  surface  topography  from 
the  GEOSAT  altimeter.  Because  neither  the  orbit  of 
GEOSAT  nor  the  absolute  geoid  currently  are  known  with 
sufficient  accuracy,  only  a  variability  study  can  be  made  in 
low  energy  regions  su^  as  this  one:  the  mean  flow  is  not 
presently  accessible. 

The  data  and  the  processing  steps  followed  are 
described  in  section  2.  The  altimeter-derived  ocean  topog¬ 
raphy  is  compared  with  two  collinear  hydrographic  sec¬ 
tions  in  section  3.  The  spatiai  distribution  of  relative  topog¬ 
raphy  variability  is  presented  in  section  4  and  the  temporal 
distribution  in  section  5.  Possible  sources  of  errors  are 
addressed  in  section  6. 


2.  Data  and  processing 

The  GEOSAT  Exact  Repeal  Mission  provides  repealed 
collinear  profiles  of  sea  surface  elevation  every  17  days 
with  along-track  resolution  of  7.3  km.  The  ascending 
tracks  are  nearly  parallel  to  the  coast  of  California,  and,  at 
the  latitude  of  Point  Arena,  are  found  at  85,  215,  345,  475,... 
km  offshore  (Fig.  1).  Only  ascending  tracks  were  processed 
for  this  study  because  many  cycles  of  the  descending  tracks 
are  missing  (Nov.  1986  to  Feb.  1987  and  Nov.  1987  to  Feb. 
1988),  making  it  difficult  to  resolve  the  seasonal  upwelling 
cycle  unambiguously. 

The  data  were  processed  for  the  period  November 
1986  to  April  1988  (19  months,  34  repeat  cycles).  One- 
second  averaged  altimeter  heights  were  corrected  for  ocean 
and  earth  tides,  water  vapor  (FNOC),  tropospheric  (FNOC) 
and  ionospheric  delays,  and  surface  pressure  (FNOC)  using 
the  corrections  given  on  the  NOAA  tapes.  Orbit  errors 
were  modeled  as  parabolas  over  30°  arcs  and  removed. 
Each  profile  was  then  linearly  interpolated  to  a  common 
grid  and  the  average  geoid  was  subtracted  to  obtain  rela¬ 
tive  surface  topography  h  (^,f ),  where  X  is  the  latitude  and 
t  is  the  time  of  each  repeat  cycle.  This  procedure  removes 
both  the  mean  and  any  -30°-scale  oceanic  signals. 

The  along-track  power  spectrum  of  relative  topogra¬ 
phy  for  the  track  closest  to  the  coast  is  shown  in  Fig.  2, 
normalized  by  a  3-cm  rms  gaussian  white  noise.  It  is  red 
at  wavenumbers  smaller  than  1/50  km"^  but  has  a  white 
shape  due  to  instrument  noise  at  higher  wavenumbers  (the 
drop  of  power  near  the  high  wavenumber  end  is  caused  by 
the  interpolation,  cf.  Fu,  1983).  Because  noise  dominates  at 
short  wavelengths,  relative  topography  was  filtered  by  a 
running  mean  over  7  samples  (50  km).  The  contribution  of 
wavelengths  longer  than  50  km  to  noise  is  -1.2  cm  rms. 
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Fig.  1.  Map  of  the  area  studied,  showing  the  four  GEOSAT  as¬ 
cending  tracks  nearest  shore:  al62,  all9,  a076  and  a033.  The  po¬ 
sition  of  the  satellite  image  shown  in  Fig.  4  is  outlined. 


9  Comparison  with  hydrography 

A  line  of  CTD  hydrographic  stations  surveyed  in  May 
and  June  1987  (Schrartun  et  al.  1988a,  1988b)  coincided  with 
He  ascending  track  closest  to  the  coast.  The  stations  were 
ioaccd  -15  km  apart.  The  dynamic  topography  referenced 
to  500  dbar  was  computed  and,  for  each  survey,  the  mean 
over  the  length  of  the  section  was  subtracted.  The 
unflltered  altimeter  topography  was  then  interpolated  in 
space  and  time  to  the  positioirs  of  the  stadoirs,  and,  for 
each  survey,  the  mean  over  the  length  of  the  section  was 
also  subtracted. 

These  relative  surface  topographies  are  shown  in  Fig. 
3.  In  May  and  June,  the  altimeter  clearly  shows  the  20  cm 
signal  due  to  the  meander  of  the  California  Current  seen 
near  39‘’N  in  the  AVHRR  image  of  16  June  at  2300  UT  (Fig. 
4).  The  topography  corresponds  to  an  offshore  speed  of 
about  -O.M  m/s  over  a  width  of  -30  km.  The  rms 
differences  between  the  relative  topographies  determined 
from  the  altimeter  and  from  the  CTD  sections  are  3.3  and 
4.2  cm  for  the  May  and  June  surveys.  The  two  topogra¬ 
phies  are  in  remarkable  agreement,  given  the  -3-cm  rms 
noise  of  the  radar  altimeter  (Cheney  et  at.,  1989;  Sailor  and 
LeSchack,  1987). 

These  results  show  that  the  altimeter  topography  is 
capable  of  resolving  the  mesoscale  structure  of  the  Califor¬ 
nia  Current.  They  also  indicate  that,  over  the  period 
analyzed,  the  meander  was  intermittent  (if  it  were  a  steady 
feahue,  its  surface  expression  would  be  removed  with  the 
mean  and  would  not  appear  in  the  relative  topography), 
and  that  the  barotropic  component  was  small  at  this  spatial 
scale,  the  hydrographic  reference  level  of  500dbar  capturing 
most  of  the  flow  (Kosro  and  Huyer,  1986). 


Fig.  3.  Comparison  between  relative  topography  from  the  altime¬ 
ter  (dotted  line,  □)  and  from  hydrography  (solid  line,  V);  see 
text. 


Fig.  2.  Along-track  power  spectrum  of  relative  topography  for 
track  al62,  normalize  by  a  3-cm  white  noise. 


LATITUDE  (N) 


1065 


Fig.  4.  Thermal  infrared  AVHRR  image  on  16  June  1987  at 
23:00  UT.  Cold  water  is  coded  in  white  and  zvarm  water  in 
black.  GEOSAT  track  al62  is  shown,  with  the  segment  coincid¬ 
ing  with  the  CTD  surveys  as  a  thick  line. 


•  MO  -130  -120  -110 

LONGITUDE  (W) 


Fig.  5.  Map  of  variability  of  relative  topography  over  the 
Eastern  Pacific,  gray-coded  from  white  (0.00  m  rms)  to  black 
(0.10  m  rms). 


4.  Spatial  distribution  of  variability 

Variability  of  relative  topography,  defined  as 

T~^  ^dt  h(k,t)\  was  computed  over  the  Eastern  Pacific  for 

the  first  18  months  of  the  mission,  and  is  displayed  in  Fig. 
5  by  assigning  gray-coded  values  of  variability  to  rectangu¬ 
lar  pixels  7.3  km  in  latitude  by  130  km  in  longitude.  Varia¬ 
bility  along  the  three  ascending  tracks  closest  to  the  coast  is 
also  plotted  as  function  of  latitude  in  Fig.  6.  Based  on  the 
sample  size  of  34,  the  90%  confidence  limits  are  (7,10)  cm 
for  a  variability  of  8  cm  rms. 

Marked  enhancements  of  variability  are  seen  near  the 
coast  of  California,  reaching  10-12  cm  rms  west  of  Point 
Reyes/Point  Arena/Cape  Mendocino,  south  of  Point  Con¬ 
ception,  and  around  Point  Eugenia  (Baja  California).  Varia¬ 
bility  decreases  progressively  towards  offshore  to  a  typical 
background  value  of  4  cm  rms  at  -600  km  from  the  coast. 
Variability  decreases  rapidly  to  this  background  value 
north  of  42°N  and  south  of  26®S,  even  near  the  coast.  Spa¬ 
tial  patterns  of  variability  are  apparent.  The  region  of  high 
variability  off  Northern  California  extends  offshore  as  two 
bands  -200  km  wide,  one  towards  the  west  following 
nearly  exactly  Mendocino  escarpment  at  40‘’N,  the  other 
one  towards  the  southwest.  This  region  is  separated  from 
the  one  south  of  Point  Conception  by  a  band  of  low  varia¬ 
bility,  starting  surprisingly  close  to  the  coast. 


LATITUDE 


Fig.  6.  Variability  along  the  three  ascending  tracks  nearest  shore 
as  function  of  latitude.  Also  shown  is  the  rms  longitude  devia¬ 
tion  from  the  exact  repeat  track,  scaled  by  the  along-track  geoid 
slope. 
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Variability  is  enhanced  in  areas  where  meanders  of  the 
California  Current  have  been  observed  previously.  High 
variability  off  Baja  California  suggests  the  occurrence  of 
similar  meanders  and  filaments  there.  The  band  of  low 
variability  off  Central  California  is  a  surprise  A  strong 
offshore  jet  has  been  observed  at  that  location  in  July  1934 
(Chelton  et  at.,  1987)  and  July  1985  (Flament  and  Armi, 
1989).  Is  this  jet  intermittent,  so  that  this  study  is  based  on 
time  series  too  short  to  be  considered  stationary?  Or  is  this 
jet  steadier  than  those  off  Northern  California,  leading  to 
less  variability  of  relative  topography? 


5.  Propagation  of  features  and  temporal  variations 

Two-dimensional  time-latitude  correlation  functions  of 
/i(X,t)  are  shown  in  Fig.  7  for  the  three  ascending  tracks 
near  the  coast.  Along-track  propagation  of  sea  level 
anomalies  at  about  4  km/day  poleward  is  evident  for  the 
two  tracks  nearest  shore,  but  not  further  offshore.  A  similar 
northwestward  propagation  speed  has  been  reported  by 
Flament  and  Armi  (1989),  who  observed  the  translation  at 
-4.7  cm/s  of  the  root  of  an  offshore  jet  near  36®N,  using 
repeated  hydrographic  sections  and  sequences  of  satellite 
iidrared  images.  However,  there  have  also  been  reports  of 
southward  motion  (e.g.  Flament  et  al.,  1985). 

Contours  of  relative  topography  as  a  function  of  X 
and  f  are  shown  in  Fig.  8  for  the  three  ascending  tracks 
near  to  the  coast.  Along  the  track  nearest  the  coast  (al62, 
85  km  from  Point  Arena),  sea  level  drops  sharply  in  mid- 
April  and  stay?  low  throughout  the  spring  and  summer, 
i.e.  throughout  the  upwelling  season.  Along  the  second 
offshore  track  (all9,  215  km  from  Point  Arena),  sea  level  is 
also  low  in  summer  and  early  fall,  but  the  low'est  levels  are 
not  seen  until  September.  Along  the  third  offshore  track, 
(a076,  345  km  from  Point  Arena),  low  sea  levels  are  not 
seen  until  winter,  and  do  not  appear  to  be  more  persistent 
than  high  sea  levels.  These  data,  together  with  the  hydro- 
graphic  surveys,  suggest  that  the  lows  in  sea  level  are 
regions  inshore  of  an  upwelling  front,  which  forms  on  the 
shelf  in  early  spring  and  subsequently  moves  offshore. 

Along-track  variability,  defined  as  AX"’  j  dXh{X,t)\ 

X 

was  also  computed  for  each  track  over  the  latitude  band 
SO^N  to  40°N,  and  is  shown  in  Fig.  9  gray-coded  as  a  func¬ 
tion  of  time  and  of  the  longitude  at  which  each  track 
aosses  35°N.  The  6-cm  rms  contour  is  outlined  in  white; 
dark  areas  correspond  to  larger  values  (up  to  12-cm  rms 
for  black),  light  areas  to  smaller  values.  TWs  plot  is  some¬ 
what  noisy,  but  nevertheless  show  a  seasonal  cycle.  Along 
the  track  nearest  the  coast,  along-track  variability  is  smaller 
than  6  cm  rms  from  late  fall  to  late  winter,  and  larger  than 
6  cm  rms  in  spring  and  summer.  The  time  at  which 
along-track  variability  increases  in  spring  occurs  later 
further  offshore,  with  a  deiay  of  -0.5  day/km.  The  s<'asonal 
cycle  deaeases  in  amplitude  towards  offshore,  and  is  not 
detected  further  than  129°W  (-500  km  from  the  coast). 
Removing  for  each  track  the  mean  sea  level  over  the  same 
latitude  band  does  not  modify  significantly  the  contour 
plot,  indicating  that  most  of  the  along-track  variability  sig¬ 
nal  is  due  to  the  offshore  jets  at  a  scale  of  a  few  hundreds 
of  kilometers  and  not  to  larger  scale  seasonal  variations  of 
sea  level. 


Fig.  7.  Two-dimensional  lime-latitude  correlation  functions  for 
tracks  al62,  aH9  and  a076.  Lag  units  are  in  cycles  (17  days)  on 
the  X  axis  and  along-track  samples  (73  km)  on  the  y  axis. 
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Fig.  8.  Contours  of  relative  topography  as  a  function  of  time 
and  latitude  for  tracks  al62,  all9  and  a076.  Negative  levels  are 
dashed. 


w*  Soiircss  of  srrcrw 

The  principal  sources  of  contamination  are  water 
vapor  in  the  troposphere,  cross-track  geoid  slopes  and 
electro-magnetic  bias.  As  will  be  shown  below,  none  of 
them  seem  to  be  sufficient  to  affect  the  patterns  presented 
above. 


Fig.  9.  Average  along-track  variability  between  30°N  and  40°N 
as  a  function  of  time  and  longitude  at  which  each  track  crosses 
35°N.  The  6  cm  rms  contour  is  outlined.  Darker  areas 
correspond  to  larger  values,  lighter  ones  to  smaller  values. 


The  weakest  correction  is  for  miaowave  propagation 
delay  due  to  water  vapor  in  the  troposphere.  The  correc¬ 
tion  provided  on  the  tapes  is  derived  from  the  2.5°- 
resolution  FNOC  atmospheric  model.  It  is  of  the  order  of 
12  cm  in  this  area,  and  varies  by  ±6  cm,  but  on  scales 
larger  than  the  patterns  of  variability  seen  in  Fig.  5.  Fu 
(1983)  presented  power  spectra  of  water  vapor  correction 
and  surface  topography,  based  on  simultaneous  SEASAT 
SMMR  and  altimeter  data  in  low  mesoscale  energy  areas, 
which  showed  a  signal-to-correction  ratio  ranging  from  12 
dB  at  scales  of  100  km  to  4  dB  at  1000  km. 

Hots  of  rms  longitude  deviation  from  the  exact  repeat 
tracK,  scaled  by  the  along-track  geoid  slope,  are  shown 
with  the  plots  of  rms  variability  in  Fig.  6  to  provide  a 
aude  estimate  of  contamination  by  unknown  small-scale 
cross-track  geoid  slopes,  which  can  be  large  near 
seamounts  and  fracture  zones.  In  particular,  the  Mendocino 
escarpment  near  40°N  contributes  significantly  to  rms  vari¬ 
ability  of  the  surface,  and  it  is  not  clear  whether  the  region 
of  enhanced  variability  along  40°N  is  entirely  real,  or  is  in 
part  an  artifact  due  to  CTOss-track  deviations  over  the 
escarpment.  Except  for  isolated  seamounts,  bottom  topog¬ 
raphy  is  fairly  regular  further  south  and  does  not  affect  the 
patterns  of  variability. 

Electro-magnetic  bias  is  a  wave-height  dependent 
correction  due  to  stronger  reflection  ol  the  radar  signal  by 
the  troughs  than  by  the  crests  of  asymmetric  finite  ampli¬ 
tude  surface  waves.  It  was  not  applied  here.  For 

if  ?e  rvf  cionifir'anf  V^oi'rHf 

. .  . IM 

ney  et  a/.,  1988).  Over  the  Eastern  Pacific,  Hj/3  measured 
by  GEOSAT  in'jeases  progressively  from  2  m  at  25®N  to 
4-5  m  at  45°N,  with  little  structure  at  scales  of  1000  km  or 
less.  Most  of  the  EM  bias  is  thus  removed  with  the  para¬ 
bolic  orbit  error. 
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7.  Summaiy  and  conclusions 

A  mesoscale  meander  observed  in  the  hydrography 
was  also  found  in  the  altimeter  topography.  The  measure¬ 
ments  agreed  to  -3-4  cm  rms,  showing  that  the  GEOSAT 
altimeter  is  capable  of  resolving  the  mesoscale  structure  of 
the  California  Current. 

The  altimeter  data  showed  that  sea  level  variability  is 
enhanced  two  to  three-fold  within  500  km  from  the  coast 
of  North  America  compared  to  the  offshore  background 
ievel.  The  strength  of  the  variabiiity  varied  also  along  the 
coast  and  peaked  where  strong  meanders  and  westward 
jets  have  b^n  found  recurrently,  suggesting  that  nearshore 
variability  of  reiative  topography  can  be  attributed  pri¬ 
marily  to  these  meanders  and  jets. 

Variability  is  modulated  seasonally,  suggesting  that 
these  jets  are  dynamically  linked  to  the  coastai  upwelling 
cycle,  and  that  the  corresponding  cold  filaments  observed 
in  satellite  images  may  not  be  simpiy  the  expression  of 
colder  nearshore  water  passively  advected  in  a  background 
field  of  offshore  eddies. 

The  -500  km  offshore  extension  of  high  variability  in 
sea  level  could  be  used  as  a  definition  of  the  Coastal  Tran¬ 
sition  Zone.  It  is  iarger  than  the  typical  -300  km  extension 
of  coid  filaments  seen  in  AVHRR  images,  indicating  that 
the  surface  temperature  expression  of  a  filament  disappears 
closer  to  shore  than  does  the  kinetic  energy  of  the  jet. 
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Abstract 

Residual  sea  height  anomalies  (RSHA) 
were  computed  along  12  Geosat  ground  tracks 
from  the  Frontal  Air-Sea  Interaction  Experi¬ 
ment  (FASINEX)  domain  in  the  western  North 
Atlantic  during  winter  1986.  The  RSHA  were 
compared  with  residual  sea  surface  tempera¬ 
ture  anomalies  (RSSTA)  extracted  along  the 
sane  tracks  from  infrared  satellite  images. 
RSHA  and  RSSTA  ranged  between  «20  cm  and  *1  *C 
respectively.  Numerical  correlations  showed 
that  positive  (negative)  RSHA  were  correlated 
with  positive  (negative)  RSSTA.  Ensemble  mean 
spectra  of  both  RSHA  and  RSSTA  exhibited  a 
peak  near  2.5  x  10“3  km“l,  although  spectral 
slopes  between  that  scale  and  10“2  km“l 
appeared  different.  This  suggests  that  the 
correlations  existed  primarily  at  a  scale 
characteristic  of  mesoscale  eddies;  a  scale 
well -documented  from  work  completed  in  the 
same  region  during  the  Mid-Ocean  Dynamics 
Experiment  (MODE) . 

Satellite  altimetry,  AVHRR  imagery,  mesoscale 
eddies 

Introduction 

The  classified  18  month  Geosat  Geodetic 
Mission  (GM)  coincided  with  the  Frontal 
Air-Sea  Interaction  Experiment  (FASINEX) 
conducted  in  the  western  North  Atlantic 
during  the  first  half  of  1986.  During  the  GM, 
Geosat  was  constrained  to  a  non-repeating 
orbit,  with  the  resulting  residual  sea 
heights  being  unavailable  due  to  their 
classified  nature.  However,  a  preliminary 
unclassified  data  set,  consisting  of  3  months 
(January-March)  of  Geosat  residual  sea  height 
anomalies  (RSHA)  was  released  for  the  FASINEX 
domain  by  the  US  Naval  Oceanographic  Office 
(NAVOCEANO)  after  the  classified  residual  sea 
heights  were  differenced  with  the  region's 
classified  NAVOCEANO  geoid.  These  unclassi¬ 
fied  data  were  then  used  in  the  following 
analysis. 

The  primary  FASINEX  objective  was  to 
determine  the  role  of  horizontal  variability 
on  air-sea  interaction  in  the  western  North 
Atlantic  subtropical  convergence,  located 
over  the  deep  Hatteras  Abyssal  Plain.  Upper 
ocean  variability  in  this  region  manifests 
Itself  at  the  ocean's  surface  as  a  ssrles  of 
convoluted,  but  generally  zonal  sea  suri'ace 
temperature  (SST)  fronts,  with  individual 


fronts  of  order  1-2  'C  over  a  few  km, 
(Voorhis,  1969) .  SST  monitoring  of  the  domain 
both  prior  to  and  during  the  experiment, 
using  Advanced  Very  High  Resolution  Radiome¬ 
ter  (AVHRR)  satellite  imagery,  allowed  both 
the  locations  and  intensity  of  individual 
frontal  features  to  be  ascertained. 

The  FASINEX  domain  (Fig.  1)  closely 
corresponded  to  that  of  the  Mid-Ocean 
Dynamics  Experiment  (MODE)  in  which,  the 
presence  of  mid-ocean  mesoscale  eddies  has 
been  well-documented,  (Robinson,  1975; 
McWilliams,  1976) .  Furthermore,  from  addi¬ 
tional  analysis  of  MODE  data,  Voorhis  et  al. 
(1976)  observed  that  SST  appeared  correlated 
with  surface  advection  associated  with  the 
MODE  mesoscale  eddy  field.  Therefore,  it  was 
of  interest  to  try  and  examine  in  a 
preliminary  way,  the  relationship  of 
mesoscale  eddies  present  during  FASINEX  to 
the  evolution  of  the  SST  field,  using  Geosat 
RSHA  together  with  AVHRR  satellite  imagery. 

Methods 

Altimeter  Processing 

The  Geosat  RSHA  corresponded  to  12  (7 
ascending  +  5  descending)  of  the  27  passes 
released  by  NAVOCEANO  for  the  January-March 
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Figure  1.  Location  of  the  FASINEX  region. 
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1986  time  period.  These  12  realizations  (Fig. 
2)  represent  all  passes  longer  than  400  km, 
thus  capable  of  resolving  MODE-scale  eddies 
with  the  characteristic  diameter  of  200  km. 
The  data  consisted  of  2  Hz  averages  computed 
from  the  original  10  Hz  data  after  removal  of 
"bad"  points,  with  successive  samples 
separated  by  approximately  3.3  km.  In 
addition  to  being  differenced  with  the 
classified  NAVOCEANO  geoid,  the  data  were 
also  corrected  for  both  t'ean  and  earth 
tides,  inverse-barometer  effect,  ionospheric 
and  dry-tropospheric  effects  and  surface 
waves.  The  data  were  not  corrected  for  water 
vapor.  However,  radiosondes  and  surface 
meteorological  observations  collected  during 
FASINEX  indicated  a  temporal  variation  in  the 
wet-tropospheric  range  correction  of  15  cm, 
but  with  only  minor  spatial  variability 
occurring  up  to  length  scales  of  nearly  400 
km,  (Bisagni,  1989).  Each  pass  was  de-trended 
using  a  linear  model  to  remove  orbit  error 
and  any  other  remaining  long-wavelength 
trends.  The  data  was  low-pass  filtered  using 
a  Gaussie.  i  filter  with  a  half-power  wave¬ 
length  of  90  km. 

The  NAVOCEANO  geoid  is  a  "hybrid" 
surface,  constructed  from  both  satellite 
altimeter  data  (derived  from  the  entire  18 
month  Geosat  GM)  and  detailed  gravity  data 
collected  from  ships.  The  final  surface  was 
produced  by  filtering  both  data  sets, 
emphasizing  the  altimeter  data  at  long 
wavelengths  and  the  gravity  data  at  short 
wavelengths,  (W.  Rankin,  pers.  comm.).  It  is 
reasonable  to  assume  that  this  geoid 
represents  the  best  reference  surface  avail¬ 
able  for  this  region.  This  assumption  is 
based  on  the  types  of  data  used  to  construct 
the  surface,  the  region's  low  bathymetric 
relief  and  the  good  agreement  shown  between 
altimeter-derived  mean  sea  surfaces  and 
gravimetric  geoids  in  the  region,  (Marsh  et 
al.,  1984). 
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Figure  2 .  Locations  of  the  12  Geosat 
groundtracks. 


MHBS  Image  Processing 

SST  data  derived  from  AVHRR  images  were 
obtained  from  channels  4  and  5  of  the  AVHRR/2 
sensor  aboard  the  NOAA-9  polar  orbiter,  using 
the  NOAA/NESDIS  (1982)  algorithm.  Data  were 
then  scan-angle  corrected  to  compensate  for 
atmospheric  attenuation  at  large  scan  angles, 
(Cornillon  et  al.,  1987).  Sub-sampling  of  the 
data  was  accomplished  by  retaining  the 
warmest  pixel  in  each  4x4  pixel  square. 
Images  corresponding  closely  in  time  to  the 
12  Geosat  passes  described  above  were 
selected  for  fu  ther  processing.  Cloud  areas 
present  within  chese  images  were  flagged  and 
then  enlarged  slightly  to  eliminate 
cloud-edge  effects.  The  groundtrack  of  each 
Geosat  pass  was  then  plotted  on  1  or  more 
candidate  images.  This  procedure  determined 
an  "optimum  image"  with  respect  to  minimizing 
the  lag/lead  time  of  the  image  relative  to 
the  day  of  the  Geosat  pass  while  maximizing 
the  length  of  the  cloud-free  segments  along 
the  groundtrack. 

Table  1 

AVHRR  Imagery  Lag/Lead  (Days) 

Relative  to  the  Date  of  Each  Geosat  Pass 


Geosat  Pass  AVHRR  Image (s)*  Lag/Lead 


and 

Date 

and  Date(s) 

+/- 

A4237 

1-03-86 

K86002 

1-02-86 

-1 

D4259 

1-04-86 

K86004 

1-04-86 

0 

D4302 

1-07-86 

K86005 

1-05-86 

-2 

K86007 

1-07-86 

0 

D4345 

1-10-86 

K86005 

1-05-86 

-5 

K86007 

1-07-86 

-3 

A4567 

1-26-86 

K86025 

1-25-86 

-1 

K86026 

1-26-86 

0 

A4897 

2-18-86 

K8604B 

2-17-86 

-1 

K86051 

2-20-86 

+2 

D4919 

2-19-86 

K86048 

2-17-86 

-2 

K86051 

2-20-86 

+1 

A4940 

2-21-86 

K86048 

2-17-86 

-4 

K86051 

2-20-86 

-1 

A5184 

3-10-86 

K86066 

3-07-86 

-3 

K86067 

3-08-86 

-2 

A5227 

3-13-86 

K86073 

3-14-86 

+1 

K86074 

3-15-86 

+2 

K86076 

3-17-86 

+4 

K86077 

3-18-86 

+5 

D5249 

3-15-86 

K86073 

3-14-86 

-1 

K86074 

3-15-86 

0 

K86076 

3-17-86 

+2 

K86077 

3-18-86 

+3 

A5270 

3-16-86 

K86073 

3-14-86 

-2 

K86074 

3-15-86 

-1 

K86076 

3-17-86 

+1 

K86077 

3-18-86 

+2 

*  Multiple  Images  signify  a  composite 

During  cloudy  periods  when  large  por¬ 
tions  of  the  SST  images  were  obscured, 
"composite"  images  were  constructed  from 
(generally)  2  images  which  "bracketed"  the 
date  of  the  corresponding  Geosat  pass.  In 
this  process,  both  images  were  compared,  1 
pixel  at  a  time,  with  the  result  that  only 
the  "warmest"  pixel  from  either  image  was 
retained  in  the  composite.  This  algorithm 
assumed  that  the  "cooler"  of  the  2  pixels  was 
in  some  way  "contaminated"  by  small  clouds 
not  detected  earlier.  Lag/lead  times  of  all 
AVHRR  data  contained  in  the  Images  relative 
to  the  days  of  the  corresponding  Geo.sat 
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passes  are  displayed  in  Table  1.  The 
statistics  show  that  7  of  the  Geosat  passes 
corresponded  to  AVHRR  data  having  lag/l‘2d 
values  of  *2  days  or  less,  while  only  3  of  the 
passes  had  values  of  *4  or  5  days.  Based  on 
these  statistics  and  the  methods  used,  it  is 
reasonable  to  assume  that  cloud-free  AVHRR 
SST  data,  located  along  each  of  the  12  Geosat 
ground  tracks,  represent  good  estimates  of 
the  true  along-track  SST  values.  For  analysis 
purposes,  a  single  AVHRR  image  (non-composite 
or  composite)  was  chosen  and  assigned  to  each 
of  the  12  Geosat  ground  tracks. 

SST  vaJues  were  extracted  from  the 
corresponding  AVHRR  image  at  every  point 
along  each  Geosat  groundtrack.  Resulting  SST 
values  were  then  de-trended  and  filtered 
using  the  same  linear  model  and  low-pass 
filter  used  to  process  the  RSHA.  The  final 
result  was  a  set  of  residual  SST  anomalies 
(RSSTA)  which  closely  corresponded  to  each 
set  of  RSHA. 


GEOSAT  PASS  A4897,  10  FEB  1986 


generally  correspond  to  positive  RSSTA  and 
negative  RSHA  generally  correspond  to  nega¬ 
tive  RSSTA,  an  inference  confirmed  through 
formal  statistical  analysis. 

Cross-Correlation  Analysis 

Normalized  cross-correlatic:.  coeffi¬ 
cients  were  computed  between  RSHA  and  RSSTA 
for  all  12  of  the  Geosat  groundtracks  at  zero 
km  spatial  lag  to  examine  the  relationship 
between  RSHA  and  RSSTA.  The  resulting  values 
(Rq)  for  each  of  the  12  groundtracks  and 
their  statistical  significance  are  given  in 
Table  2.  Of  the  12  realizations,  10  exhibit 
positive  correlations  which  are  statistically 
significant  at  the  95%  level,  while  the 
remaining  2  show  positive  but  insignificant 
orrelations. 

Spectral  Analysis 

Along-track,  one-dimensional  wave  number 
spectra  were  computed  for  the  RSHA  and  RSSTA 
data  sets  corresponding  to  each  Geosat 
groundtrack,  (Figs.  4a,  b) .  These  spectra 
were  computed  using  a  standard  fast  Fourier 
transform  (FFT) ,  technique  which  treated  each 
spatial  series  as  a  single,  cosine-tapered 
segment  for  maximum  spectral  resolution. 
However,  trade-offs  for  this  maximum  resolu¬ 
tion  included  large  error  magnitudes.  To 
reduce  this  error  to  an  acceptable  level, 
ensemble  mean  RSHA  and  RSSTA  spectra  were 
computed  using  all  12  individual  sea  height 
and  SST  spectra,  (Figs.  5a,  b) .  Results  show 
that  both  ensemble  mean  spectra  exhibit  a 
broad  peak  near  2.5  x  10”3  )aa~l  corresponding 
to  a  200  km  half-wavelength.  This  value 
closely  corresponds  to  the  characteristic 
MODE-scale  and  therefore  may  indicate  the 
presence  of  mesoscale  (MODE)  eddies  within 
the  FASXNEX  domain.  Of  equal  interest,  is  the 
behavior  of  the  slope  of  each  spectrum  at 
wavelengths  shorter  than  the  MODE-scale. 
Between  the  MODE-scale  and  wavelengths  of  100 
km,  the  RSHA  spectrum  exhibits  an  approximate 
k"3  slope,  (k  is  wave  number) .  In  the  same 
interval,  the  RSSTA  spectrum  reveals  a 
noticeably  different  slope  of  k”2. 
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GEOSAT  PASS  A5227.  13  MAR  1986 

Figure  3.  Examples  of  corresponding  RSHA 
(heavy  line)  and  RSSTA  (dashed) 
frora  3  Geosat  passes. 

Results 

RSHA  from  3  of  the  Geosat  tracks 
together  with  the  corresponding  RSSTA  are 
shown  in  Figure  3.  In  this  figure,  RSHA  and 
RSSTA  range  over  values  of  about  *20  cm  and  » 
1.0  'C  respectively.  Furthermore,  there 
appears  to  be  a  correlation  between  these  2 
relatively  weak  signals:  positive  RSHA 


Discussion 

In  the  present  study,  the  positive 
spatial  correlations,  together  with  the 
existence  of  the  MODE-scale  in  both  of  the 
ensembled  spectra,  suggest  that  sea  height 
and  SST  may  be  related  at  the  MODE  scale. 
Assuming  that  altimeter-derived  sea  heights 
are  able  to  resolve  barocllnic  MODE-scale 
eddies,  two  different  theories  have  been 
postulated  regarding  what  the  relationship 
should  be  between  such  eddies  and  their  RSHA 
and  SST.  Extending  earlier  work  done  with 
Gulf  Stream  rings,  Williams  (1988)  recently 
proposed  that  air-sea  interaction  may  cause 
modification  of  mid-ocean  eddies  through 
deepening  of  the  mixed  layer  after  the  summer 
solstice  with  the  result  that  the  eddy's 
deeper  temperature  structure  is  revealed  in 
the  SST  field.  Application  of  his  model  to  a 
cyclonic  eddy  (a  "low")  in  the  northeast 
Atlantic  suggested  that  the  eddy's  negative 
(cold)  temperature  anomaly  might  become 
entrained  into  the  surface  waters  with  a 
resulting  decreased  SST  relative  to  surround¬ 
ing  waters.  Thuf.  the  SST  anomaly  in  this  case 
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would  be  horizontally  coherent  with  both  the 
deeper  eddy  structure  and  its  associated 
"low"  in  sea  height. 

In  addition  to  the  present  study,  other 
workers  also  report  observations  supporting 
this  entrainment  theory.  Roden  (1981)  showed 
qualitative  correlation  between  SST  and 
dynamic  height  from  the  FRONTS  80  experiment 
undertaken  during  winter  in  the  vicinity  of 
the  North  Pacific  subtropical  front.  Also 
from  FRONTS  80,  Van  Woert  (1982)  showed 
significant  positive  correlations  between 
mesoscale  SST  and  subsurface  temperatures  to 
a  depth  of  800  m. 

WAVELENGTH  (KM) 


10‘  10^  10*  10'  lO" 


Figure  4.  Composite,  along-track  wave  number 
spectrum  of:  (a)  RSHA,  (b)  RSSTA 
from  each  of  12  Geosat  passes. 


A  second  theory  regarding  the  relation 
between  sea  height  and  SST  resulted  from  the 
spring  1973  MODE  work.  During  MODE,  zonal  and 
meridional  SST  features  on  scales  of  40-400 
km,  seemed  to  result  from  advection  caused  by 
currents  associated  with  the  deep  mesoscale 
eddy  field  as  defined  by  hydrographic  survey 
work  (Voorhis  et  al.,  1976).  The  features  may 
have  been  the  result  of  simple  distortion  of 
the  mean  meridional  SST  gradient  into  a 
series  of  alternating  warm  and  cold  intru¬ 
sions  located  along  the  periphery  of  the 
eddies  and  separated  by  sharp  fronts  as 


Table  2 

Normalized  Cross-Correlation  Coefficients,  Rq 
At  0  km  Lag  Between  12  Sets  of  RSHA  and  RSSTA 


Pass 

Date 

Points 

Ro 

95% 

Used 

Signif . (?) 

A4237 

1-03-86 

140 

0.520 

YES 

D42S9 

1-04-86 

170 

0.454 

YES 

D4302 

1-07-86 

160 

0.257 

YES 

D4345 

1-10-86 

120 

0.380 

YES 

A4567 

1-26-86 

180 

0,431 

YES 

A4897 

2-18-86 

180 

0,749 

YES 

D4919 

2-19-86 

176 

0.122 

NO 

A4940 

2-21-86 

148 

0.476 

YES 

A5184 

3-10-86 

136 

0.724 

YES 

A5227 

3-13-86 

180 

0.703 

YES 

D5249 

3-15-86 

164 

0.082 

NO 

A5270 

3-16-86 

158 

0.427 

YES 

reported 

by  Fedorov 

(1983) 

from  numerical 

models. 

later 

work 

with  the  MODE  data 

(Voorhis  and  Bruce,  1982)  showed  that  in 
addition  to  advective  SST  variations,  the 
primary  cyclonic  mesoscale  eddy  appeared 


Figure  5.  Along-track,  ensemble  mean  wave 
number  spectrum  of:  (a)  RSHA,  (b) 
RSSTA  computed  from  all  12  Geosat 
passes.  Also  shown  are  the  95% 
confidence  limits  (dashed)  and  a 
reference  slope. 
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centered  over  the  cocleet  water  in  the 
region,  in  qualitative  agreement  with  the 
above-described  entrainment  theory.  Since  SST 
structures  resulting  from  advection  would 
tend  to  show  low  coherence  with  the  deep  eddy 
field  and  sea  height,  Fedorov's  advection 
theory  may  not  be  the  only  process  responsi¬ 
ble,  as  evidenced  by  the  significant 
correlations  noted  in  this  study.  Such 
structures,  however,  could  ba  a  rich  source 
of  noise,  thereby  reducing  the  correlations 
to  the  observed  levels. 

Comparison  between  the  spectral  slopes 
determined  herein  with  those  reported  by 
other  workers  may  also  be  useful  in 
understanding  the  relationship  between  sea 
height  and  SST.  However,  it  has  been  shown 
that  caution  must  be  used  when  interpreting 
any  spectrum  computed  from  a  turbulent  field, 
(Armi  and  Flament,  1965) .  This  is  due  to  the 
non-uniqueness  of  the  turbulent  field  corre¬ 
sponding  to  any  given  spectrum,  caused  by  the 
loss  of  phase  Information  when  the  spectrum 
is  computed.  Acknowledging  this  caution, 
altimeter-derived  sea  height  wave  number 
spectra,  computed  in  the  western  North 
Atlantic  by  Gordon  and  Baker  (1980),  Fu 
(1983)  and  Menard  (1983)  were  examined.  All 
show  evidence  of  MODE-scale  transients  and 
nominal  spectral  slopes  equalling  k"2,  k“5 
and  k“3  respectively.  The  RSHA  spectral 
slope  of  k“3  determined  in  the  present  study 
falls  midway  within  their  range  and  thus  may 
represent  a  reasonable  estimate  of  the  mean 
spectral  slope.  Differences  reported  herein 
between  RSHA  and  RSSTA  spectral  slopes  may 
signify  the  presence  of  surface-intensified 
frontal  features  (and  smaller  scale  process¬ 
es)  caused  by  mesoscale,  eddy-induced  advec- 
tive  structures.  At  these  larger  wave 
numbers,  such  phenomena  may  cause  higher 
RSSTA  energy  (since  they  are  detectable  by 
AVHRR  imagery)  while  having  a  minimal  effect 
on  RSHA  energy.  This  is  due  to  the  small 
incremental  effect  they  would  have  on  sea 
height  with  respect  to  the  much  larger 
changes  caused  by  mesoscale  eddies.  Future 
work  with  larger  data  sets  from  the  region 
may  be  able  to  resolve  this  issue. 
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ABSTRACT 

The  present  interpretation  of  the  radar  cross  section 
measured  by  satellite  altimeters  implies  that  the  rms  wave 
slope  T  is  controlled  solely  by  the  local  wind.  However, 
parameters  of  wave  spectra,  Including  the  exponent  in  the 
power  law  for  the  equibriurn  range,  depend  on  sea  matu;ity. 
The  latter  is  characterized  by  the  non-dimensional  fetch. 
Consequently,  i  and  are  controlled  both  by  U 
and  by  the  wind  fetch  X.  One  year  worth  of  GEOSAT  data 
are  used  jointly  with  in  situ  wind  and  wave  observations  to 
assess  the  fetch-related  error  trend  in  altimeter  wind  speeds. 
This  trend  results  in  overestimated  winds  in  the  regions  and 
seasons  characterized  by  a  high  i,  and  vice  versa.  A  pro¬ 
cedure  for  wind  speed  retrieval  based  on  processing  joint¬ 
ly  with  the  significant  wave  height  information  contained  in 
the  altimeter  wave  forms  is  proposed. 

1.  THEORETICAL  BACKGROUND 


The  corresponding  wave  slope  variance,  found  by 
integrating  equation  (1)  multiplied  by  i',  is  a  function  of 
both  the  wind  speed  and  the  degree  of  wave  development 
[7,8].  However,  such  integration  is  meaningless  unless  the 
wave  spectrum  has  a  rapidly  decaying  high-frequency  tail, 
commencing  at  the  wavenumber  2ff/A  corresponding  to 
certain,  intrinsic  microscale  A.  The  existence  of  the  micros¬ 
cale  is  dictat..d  by  the  hydrodynamic  instability  of  exces¬ 
sively  steep  giavity  wavelets.  Based  on  this  argument,  the 
microscale  has  been  estimated  to  lie  between  1/2  and  1  m 
(4,7,8j.  Although  a  specific  choice  of  an  averaging  function 
realizing  the  spectral  cutoff  does  not  crucially  affect  the 
resulting  value  of  the  wave  slope,  we  believe  that  the 
smooth  spectral  roll-off  of  the  form  eip  [-(tA )“)  represents  the 
best  low-pass  filter  [8].  The  slope  variance  is  then  given  by 


CO 


}F{k)ixp[-(khf]kik 

*0 


(2) 


In  our  recent  studies  of  the  accuracy  of  wind  speed  measure¬ 
ments  by  the  Seasat  scatterometer  (5,6),  an  error  trend 
correlated  with  various  measures  of  sea  maturity  was  found. 
An  explanation  of  the  trend  was  suggested  based  on  a 
model  of  the  radar  cross  section  comprised  of  two  com¬ 
ponents,  the  traditional  Bragg-scattering  component  vl  and 
the  spike  component  accounting  for  the  contribution  of 
the  intermittently  occurring  extremely  steep  wavelets.  The 
relative  importance  of  the  latter  component  was  found  to 
grow  as  the  degree  of  wave  development  increases.  This  led 
us  to  conclude  that  the  degree  of  wave  development,  rather 
than  the  wind  speed  alone,  plays  a  certain  role  In  determin¬ 
ing  basic  statistics  of  the  rms  slope  for  gravity-range  waves. 
The  equilibrium  range  of  wave  spectra,  in  our  view,  is  not 
confined  to  one  of  the  commonly  discussed  forms.  A”*  (the 
classical  Phillips  law)  or  (the  Zakharov-Filonenko  spec¬ 
trum).  An  extensive  survey  of  both  theoretical  and  experi¬ 
mental  literature  led  us  to  accept  a  more  general  form  for 
the  equilibrium  range  (6,7,8)  based  on  an  incomplete- 
similarity  theory  due  to  Barenblatt  and  Leykin  (ij: 

F(t,,i)  =  ,9  (£/*/?  )5'‘i-’«'Tt(^)  (1) 

where  /9=>^(i)  and  /i=p(i);  U  is  the  mean  wind  speed  at  a 
height,  say,  19.5  m  and  z  may  be  interpreted  as,  for  exam¬ 
ple,  the  non-dimensional  wind  fetch.  T  is  the  angular  spread 
function.  For  open  ocean  conditions,  parameter  n  varies 
from  about  zero  to  1/3,  and  according  to  some  observations, 
e.g.  JlO),  it  can  exceed  1/3.  It  has  a  simple  interpretation  as 
the  Iractal  co-dimension  of  a  small  surface  patch  (8). 


where  r(;i)  is  the  gamma  function,  k^  is  the  spectrum  peak 
wavenumber,  and  S=koh.  Equation  (2)  implies  that  the 
small-scale  roughness,  which  is  not  correctly  represented  by 
the  form  (1)  anyway,  is  smoothed  out.  With  respect  to 
electro-magnetic  scattering,  the  small-scale  roughness  with 
wavelengths  under  A  determines  the  coefficient  V(i)  for  local 
coherent  reflection  at  the  faces  of  large-scale  waves  which 
pertain  to  the  equilibrium  range  (1).  9  is  the  incidence 
angle. 

This  leads  to  a  simple  model  for  near-nadir  backscatter 

0  |V'(9)|iexp[-(tan9/-r)°]  ,3, 

cosV  ^  ^ 

in  which  V(0)  is  a  (presumably,  rather  weak)  function  of  the 
local  instantaneous  wind  speed  and  is  controlled  botn  by 
the  mean  wind  speed  and  by  the  degree  of  wave  develop¬ 
ment.  Evidently,  as  this  degree  increases  (hence,  /i  in  (1) 
grows),  the  wind  dependence  of  the  radar  cross  section 
becomes  ever  stronger. 

One  goal  of  the  present  work  is  to  assess  the  impor¬ 
tance  of  the  x-dependent  bias  in  altimeter  wind  measure¬ 
ments  and  to  make  a  step  towards  correcting  this  bias. 
Another  reason  for  this  study  is  a  potential  capability  of  a 
satellite  altimeter  to  indirectly  measure  the  wave  develop¬ 
ment.  The  reader  is  referred  to  the  recent  works  (7,8)  for 
details  of  the  theory,  and  to  (9)  for  details  of  the  experimen¬ 
tal  approach. 
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2.  EXPERIMENTAL  RESULTS 

Geosat  altimeter  data  were  colocated  with  twenty  NDBC 
buoys  conducting  autonomous  observations  in  various 
regions  of  the  World  Ocean.  The  colocation  procedure  was 
similar  to  that  employed  by  Dobson  ct  al.  (3).  However,  we 
included  into  our  analysis  only  the  cases  of  equilibrium  sea 
states  for  which  the  theory  presented  in  the  previous  section 
is  relevant.  To  this  end,  we  browsed  through  wave  spectra 

reported  by  the  buoys  for  each  individual  case  and  selected 
the  cases  in  which  the  spectra  had  a  well  expressed  equili¬ 
brium  range  and  a  single  peak.  Using  the  significant  wave 
height  wave  period  T  and  wind  speed  U  data  from  the 
buoys,  we  estimated  the  generalized  wind  fetch  A'  and  the 
wind-io-wave  speed  ratio 

A'  =  3,4  (4) 


The  altimeter  wind  speeds  were  estimated  using  the  Brown 
"smoothed"  algorithm  (2|,  and  the  error 


Obviously,  these  empirical  dependences  are  sufficiently 
smooth  to  grant  their  representation  in  a  functional  (for 
instance,  quadratic  or  cubic  polynomial)  form.  Functions 
P(X)  and  $(X)  would  allow  one  to  solve  the  inverse  prob¬ 
lem:  given  the  significant  wave  height  //,/j  and  the  radar 
cross  section  ffJa,  reported  by  the  altimeter,  determine  the 
wind  speed  and  fetch.  Two  different  approaches  are  possible. 

1.  The  iterative  approach. 

Due  to  the  fact  that  the  radar  cross  section  is  much  more 
sensitive  to  the  wind  speed  than  than  to  the  fetch,  one  way 
of  solving  the  problem  is  envisioned  as  an  iterative  process. 
Specifically,  in  the  zero-order  approximation,  the  wind  speed 
can  be  estimated  using  one  of  the  traditional  algorithms, 
such  as  the  Brown  smooth  model  function.  The  resulting 
wind  and  the  altimeter  wave  height  //,/,  can  then  be  used 
for  a  zero-order  estimate  of  the  generalized  fetch  (4).  Based 
on  this  A',  one  finds  the  zcro-oidcr  approximation  for  P(X) 
and  Q[X)  and  solves  (fi)  for  U.  This  wind  represents  the 
first-order  approximation,  which  can  be  iterated  by  repeat¬ 
ing  the  process  to  obtain  highei^order  estimates  of  both 
wind  speed  and  wind  fetch. 

2.  Look-up  tables. 


t  ^  Vs  ~Vb  (6) 

was  plotted  versus  f.  Figure  1.  The  coefiicient  of  correlation 
of  «  with  (  was  found  to  be  0.51.  The  measure  {  given  by 
(5)  is  based  on  the  dispersion  relationship  for  deep-water 
gravity  waves.  In  (Qj  this  measure  was  estimated 
differently:  firstly  we  calculated  the  generalized  non- 
dimensional  fetch: 


X 


(7) 


using  (4)  to  estimate  X,  and  then  we  estimated  the  wave- 
to-wind  speed  ratio  using  the  approximation  derived  earlier 
[5,6): 

w5,G  lO'^x"’  (8) 


However,  comparing  Figure  1  to  the  corresponding  plot  in 
(aj  one  finds  that  the  results  are  very  similar. 

Similar  analysis  was  carried  out  for  the  significant 
wave  height  measurements  by  the  altimeter.  No  trend 
related  to  any  measure  of  wave  development  was  found  in 
the  wave  height  errors. 


3.  APPROACH  TO  THE  AI.GORITHM  DEVELOPMENT 

To  eliminate  the  trend  from  the  wind  speed  measurements, 
one  has  to  know  the  actual  degree  of  wave  development. 
Since  the  altimeter  provides  information  on  both  the  wind 
speed  and  the  wave  height,  a  possible  approach  consists  in 
using  the  radar  cross  section  along  with  the  wave  height 
information.  In  order  to  realize  this  approach,  let  us  inves¬ 
tigate  the  actual  dependence  of  the  backscattered  powci  on 
the  wind  speed  and  wind  fetch.  To  this  purpose,  we 
represent  the  radar  eross  section  in  the  form: 

=  P^X)  +  (3(X)  log  V  (0) 

where  the  coefficients  P  and  Q  arc  sought  as  functions  of 
the  generalized  wind  fetch,  (4).  Using  the  buoy  data  on 
wind  speed  and  wave  height,  we  estimated  X  for  all  colo¬ 
cated  observations  and  broke  the  entire  data  set  into  eleven 
overlapping  gradations  of  AT.  Curve  (9)  was  fitted  to  data 
points  in  each  gradation,  as  illustrated  in  Fig.2,  which 
resulted  in  a  set  of  values  P(Xi)  and  CJ(X{)  for  each  ith  gra¬ 
dations.  In  Figure  3  we  show  the  corresponding  depen¬ 
dences. 


Based  on  (9),  the  look-up  tables  to  determine  the  wind 
speed  t/  as  a  function  of  and  Hi/j  can  be  calculated. 

Our  work  on  the  development  and  verification  of  an 
unbiased  geophysical  model  function  will  be  reported  in  a 
separate  publication,  for  this  effort  requires  a  more  complete 
data  set  than  that  used  in  the  present  work. 
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Figure  1.  The  absolute  error  of  the  altimeter  measurements 
of  the  mean  wind  speed  (6),  versus  the  wave  development 
measure  ^  obtained  from  buoy  data  using  (5).  Straight  line 
A  approximates  the  trend  on  the  interval  o  <  ^  <  2.  Line  B 
corresponds  to  ^  >  2,  and  line  C  represents  the  linear 
approximation  for  the  enti'^e  range  of  Ihe  error  trend  for 
each  segment  is  characterized  by  coefiicients  a  and  b:- 
These  are  found  by  linear  regression:  A: 
a«-4.36,  6^2.33;  B:  a«-0.75,  C:  a^-1.74,  b^bh. 
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Figure  2,  Wind-speed  dependence  of  the  radar  cross  section 
for  one  of  the  gradations  of  the  generalized  wind  fetch,  X, 
defined  by  (d).  The  dashed  line  represents  the  empirical  fit 
described  by  (9). 
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Meteorologists  hove  long  known  that  weather  patterns  are  cyclical  in 
nature  and  In  many  cases  these  tracks  can  be  accurately  forecast  within 
statistical  accuracy.  There  are,  however,  many  cases  when  accurate 
forecasting  Is  not  possible.  More  Investigation  of  the  spatial  and 
temporal  scales  of  Intense  weather  patterns  may  lead  to  a  better  forecast 
method  or  at  least  augment  the  present  systems. 

This  paper  presents  a  study  of  extreme  wind  speeds  and  wave  heights 
associated  with  Intense  weather  patterns.  Measurements  of  these 
parameters  by  the  Geosat  altimeter  over  a  three  year  period  are  analyzed 
to  determine  spatial  and  temporal  scales.  Scales  and  movement  in  the 
southern  oceans  are  compared  to  northern  patterns.  A  discussion  Is 
presented  on  the  potential  usefulness  of  these  statistics  on  forecasting. 
For  example.  In  a  region  where  Geosat  data  reveals  a  80  percent 
probability  of  storm  formation  within  a  certain  area,  this  region  could 
be  routinely  monitored  using  the  altimeter  data.  The  question  arises 
whether  this  would  be  valuable  to  the  meteorological  community. 
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ABSTRACT 

The  cirrent  surge  of  technological  change  in  the  fields  of 
satellite  positioning  and  remote  sensing,  especialiy  in  view  of  the 
coordinated  sequence  of  specialized  satellite  missions  leading  to  the 
Earth  Observing  System  (Eos)  platforms  in  the  mld-1990's  and 
beyond,  emphasizes  the  need  to  develop  modern,  quantitative, 
rigorous  and  integrated  methodologies  which  will  make  use  of 
those  missions'  unique  capabiiities.  Today  spaceborne  altimeters 
provide  height  observations  to  ground,  ice  sheet  and  oceanic 
surfaces  with  precision  of  centimeters.  These  data  can  be  directiy 
related  to  measurable  gravity  changes  and  be  used  for  the  mapping 
of  density  contrasts  of  the  upper  crust  and  for  detecting  geological 
features  with  distinctive  signatures  in  either  their  topography, 
gravity  field  or  spectral  reflectance. 

In  recent  work  we  have  bee'i  Investigating  the  potential 
utilization  of  satellite  altimetry  in  the  area  of  petroleum 
exploration.  In  this  paper  we  present  a  brief  outline  of  the  state- 
of-the-art  in  the  Instrumentatio  i  and  specialized  treatment  of  the 
data  required  in  order  to  extract  such  information  out  of  the 
Information  content  of  the  altimetry  measurements.  The 
methodologies  involved  in  extracting  significant  information  In  the 
high  frequency  component  of  existing  satellite  altlrrietry  data  are 
summarized  in  an  attempt  to  illustrate  how  these  procedures 
bring  forth  a  completely  new  sourci  of  geophysical  information 
that  can  be  used  in  an  integrated  ma'^ner  with  the  results  from 
other  prospecting  tools  In  the  endeav  ur  to  acquire  as  much 
geological  understanding  as  possible  for  features  of  economic 
significance. 


1.  INTRODUCTION 

Satellite  altimetry  is  a  technique  that  has  been  with  us  for 
more  than  a  decade.  GEOS-3  and  SEASAT,  the  first  truly  useful 
altimetric  satellites,  collected  data  in  the  period  1975-1978 
leading  to  a  great  deal  of  advancements,  especially  in  tne  areas  of 
oceanography  and  the  knowledge  of  the  gravity  field.  These 
achievements  are  sun  rized  in  a  number  of  dedicated  issues  of 
the  Journal  of  Geophysical  Research  (AGU,  1979;  AGU,  1982; 
AGU,  1983). 

The  latest  altimetric  mission,  GEOSAT,  is  In  progress  since 
March  1985.  To  date  over  2  years  worth  of  GEOSAT  altimetry  data 
IS  avaiiaoie  to  civilian  scientists.  This  is  the  data  set  released 
following  the  November  1986  de-classification  of  the  mission  by 
the  U.S.  Navy  The  preliminary  assessment  of  GEOSAT  results 
indicates  that  this  latest  data  set  is  of  very  high  quality 
approaching  a  precision  of  3  cm  (McDonalhy  and  Kilgus,  1987) 
and  hence  likely  to  yield  exciting  new  results.  In  the  near  future, 
the  Ocean  Topography  Experiment  (TOPEX)  satellite,  the  Earth 
Resource  Satellite  (ERS-I),  the  Geoscience  Laser  Ranging  (and 


Altimetry)  System  (GLRS)  onboard  one  of  the  Earth  Observing 
System  (Eos)  polar  platforms.  It  Is  planned  to  Include  satellite 
altimetry  Instrumentation  fundamental  to  the  Eos  goals  and 
objectives. 

Satellite  radar  altimetry  has  to  date  been  extensively  evaluated 
at  longer  wavelengths  (>  300  km)  for  gaining  Improved  insight, 
for  instance.  Into: 

•  the  global  characteristics  of  the  geopotential 

•  the  geophysical  and  geological  Interpretation  of  gravity 
across  oceanic  ridges 

•  the  thickness  and  rigidity  of  the  crust 

•  isostatic  mechanisms 

and  other  analyses  related  to  geophysics  and  geology.  However,  the 
direct  applicability  of  spaceborne  altimeters  for  locating  earth 
resources  has  been  by  far  a  subject  of  speculation  with  little 
comprehensive  treatment  found  in  the  literature.  This  Is  mainly 
due  to  the  fact  that  for  the  purpose  of  locating  earth  resources, 
analysis  of  gravitational  wavelengths  of  a  few  tens  of  kilometers 
or  less  must  be  undertaken.  Up  until  recently,  these  short 
wavelengths  have  not  been  extensively  evaluated  from  altimetry 
data  due  to  their  proximity  to  the  threshold  of  resolution  of  the 
altimeter  instrumentation  Itself  and  the  specialized  treatment  of 
the  data  needed  to  extract  this  type  of  Information  out  of  the 
Information  content  of  the  altimetry  measurements.  The  latter  Is 
spanning  the  entire  spectrum  of  the  gravity  field  signal  up  to  a 
resolution  limited  by  the  altimeter's  accuracy,  surface  footprint 
and  data  density.  The  sea  surface  heights  measured  directly  by 
spaceborne  altimeters  also  contain  information  of  non- 
gravitational  nature  such  as  sea  slate,  eddies,  ocean  currents  and 
tides  which  need  to  be  eliminated  in  order  to  arrive  at  a  static  and 
time  independent  sea  surface.  Essentially  the  shape  that  the  sea 
surface  would  have.  If  It  were  completely  at  rest  and  not  disturbed 
by  waves,  tides,  currents  etc.,  would  conform  to  the  equipotential 
surface  of  the  earth's  gravity  field  known  as  the  geold. 


2.  SATELLITE  ALTIMETRY  AS  GEOPHYSICAL  TOOL 

The  usefulness  of  altimetric  measurements  for  geophysical 
studies  has  been  reviewed  by  the  U.S.  National  Research  Council 
(1979);  in  their  findings  is  pointed  out  that  such  measurements 
can  make  major  contributions  to  geophysical  problems.  Because 
the  global  dynamic  sea-surface  topography  shows  up  as  a  signal 
with  an  amplitude  of  2  m  at  the  most,  superimposed  on  geold 
undulations  of  up  to  about  100  m  in  amplitude  (relative  to  a 
reference  ellipsoid)  extending  In  wavelengths  of  a  few  to  thousand 
of  kilometers,  it  is  clear  that  satellite  allimoters  observe 
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primarily  the  gravitational  field  and  only  secondarily  other 
geophysical  processes  such  as  tides  and  ocean  currents. 

Short  wavelength  anomalies  in  the  geoid  arise  from  shallow 
variations  in  the  distribution  of  mass  in  the  earth's  crust  which 
have  been  shown  to  correlate  well  with  the  topography  of  the  ocean 
floor  and  of  shallow  crustal  structures.  This  observed  response  to 
topography  contains  information  about  the  compensation 
mechanisms  as  well  as  the  relative  densities  of  the  loads  (e.g. 
seamounts)  and  underlying  mantle.  Satellite  altimeters  like  those 
flown  on  SEASAT  or  GEOSAT,  and  more  so  those  planned  for  TOPEX, 
ERS-1  and  GLRS,  can  resolve  short  wavelength  geoidal  features 
with  an  accuracy  of  a  few  cm  and  with  a  resolution  of  some  tens  of 
km.  Hence  they  can  be  used  to  observe  the  geoid  effects  of  features 
such  as  seamounts,  fracture  zones,  ridges,  trenches  and 
bathymetric  swells  associated  with  hot  spots.  Conversely, 
altimetry-derived  estimations  made  for  sea  floor  topography 
should  further  contribute  to  understanding  the  contributions  of 
the  near  sub-surface,  thus  allowing  the  study  in  detail  of  that 
addit'onal  high-frequency  Information  found  in  existing  altimetry 
data  and  the  results  of  correlating  the  produced  geoidal  maps  to 
offshore  areas  of  known  hydrocarbon  accumulations. 

Salt  domes  are  of  particular  interest  and  therefore  of  high 
economic  importance  in  the  exporation  of  oil  because  they  deform 
the  surrounding  sediments  yielding  a  place  for  o't  to  accumulate. 
This  premise  Is  supported  by  the  fact  that  a  large  fraction  of  the 
existing  off-shore  oil  fields  are  located  In  regions  containing  salt 
dome  structures.  The  latter  have  vertical  juxtaposition  of 
material  having  strong  density  contrasts,  i.e.  the  salt  (halite) 
vis-d-vis  the  surrounding  material  (sediments).  The  lateral 
density  variation  is  particularly  visible  from  an  analysis  of  the 
resulting  changes  in  the  gravity  field  measured  In  the  vicinity  of 
these  domes.  Unfortunatelly,  salt  domes  are  a  geolog'cal  formation 
existing  in  limited  regions  over  the  earth's  surface.  Their 
formation  requires  tectonically  stable  regions  along  the  marging 
of  the  continental  plates  or  in  areas  which  were  covered  by  large, 
shallow  inland  seas.  Such  areas  are  further  restricted  to  those 
regions  having  had  an  environment  conducive  to  the  formation  of 
oil  bearing  stratum,  i  e.  having  been  the  site  of  accumulation  of 
the  remains  of  prolific  marine  life  during  the  mesozoic,  or  (more 
rarely)  in  earlier  periods.  Despite  such  areal  restrictions, 
however,  the  total  remaining  regions  of  Interest  still  vastly 
exceed  the  capabilities  of  exploration  using  standard  surveying 
techniques  (e.g.  marine  gravimetry).  In  this  regard,  while 
considerable  Information  already  exists  about  the  geological 
structure  of  the  offshore  continental  margins,  this  information  is 
incomplete  and  insufficient  in  itself  to  completely  define  the  scope 
of  oil  exploration  investigations.  Yet  the  volume  and  quality  of 
satellite  altimetry  information  is  rapidly  increasing  and  the  cost 
effectiveness  of  such  remote  sensing  capability  is  such  that  areas 
lacking  indepth  geological  information  are  worth  evaluating 
neverlh.ess,  since  the  location  of  geoidai  signatures  of  interest 
would  provide  important  information  for  detailed  in  situ 
investigations. 


3.  GRAVITATIONAL  SIGNAL  ANALYSIS  PRINCIPLES 

In  order  to  explore  the  satellite  altimetry  capabilities  for 
detecting  geophysically  interesting  geological  features,  there  are 
two  major  aspects  of  analysis  that  are  necessary: 

(a)  the  development  ol  appropiiate  processing  techniques  to 
eliminate  various  errors  and  measurement  outliers  Irom  the 
satellite  altimetry  data; 

(b)  the  construction  oi  a  node!  ol  the  geological  signatures  to 
be  located  in  the  altimetry  data  in  conjunction  with  a  statistical 
model  ol  altimetry  data  in  the  absence  ol  a  given  geological 
signature  (be  it  a  salt  dome,  a  seamount,  etc.). 

The  following  brief  discussion  outlines  the  major 
considerations  involved  in  each  of  these  aspects,  particularly  with 


regard  to  the  possibilities  and  limitations  of  the  current 
processing  techniques. 

Satellite  Altimetry  Data  Reduction 

Satellite  altimetry  data  is  contaminated  by  many  errors.  The 
measured  height  of  the  altimeter  above  the  instanteneous  sea  level 
at  the  instant  of  the  measurement  contains  unmodelled 
instrumental  and  propagation  errors,  as  well  as  the  effect  of 
waves  within  the  footprint  area  of  the  radar  (which  is  typically  of 
the  order  of  a  few  kilometers  for  the  SEASAT-  or  GEOSAT-type 
altimeters,  and  of  the  order  of  a  few  hundred  metres  for  the  GLRS 
laser  altimeter).  In  practice,  ice  floats  or  small  islands  also 
contaminate  further  the  radar  reflections.  The  data  must  then  be 
processed  through  a  set  of  smoothing  and  editing  algorithms  and 
littered  to  remove  errors  caused  by  atmospheric  effects, 
instrumental  and  known  sea-state  dynamic  effects  and  other  types 
ol  "noise"  of  wavelengths  foreign  to  thu  task  of  undulation 
signature  detection  (Berube  et  al.,  1988).  For  Instance,  temporal 
effects  in  the  data  may  be  investigated  by  comparing  spatially 
collinear  or  repeat  altimetric  profiles  and  by  constructing 
differenced  time  series,  i.e.  point-by-point  differences  of  sea 
surface  heights  collected  over  several  such  passes.  These 
differenced  series  will  consist  mostly  of  noise,  since  the  time 
invariant  part  of  the  signal  of  interest,  I.e.  the  geoid,  nearly 
cancels  out  when  the  difference  profile  Is  computed  from  passes 
separated  by  less  than  2  km.  Hence  It  is  possible  that  features 
which  are  seen  to  vary  in  time  can  be  removed  (or  greatly 
reduced)  by  averaging  the  coincident  data  sets  or  removing  linear 
trends  from  the  altimetry  profiles.  Indeed,  this  approach  has  been 
shown  to  be  very  effective  lor  providing  sea  surface 
measurements  ol  high  accuracy  and  resolution  without  the  need  for 
precise  geoid  or  orbital  information. 

Of  quite  different  nature,  long-wavelength  errors  In  the 
altimetry  data  are  due  mostly  to  radial  orbit  errors.  Precision 
orbit  determination  for  the  altimetry  satellites  has  been  llmit-rd 
primarily  by  Inadequate  global  tracking,  errors  in  the  various 
dynamic  models  and  in  particular  in  the  Earth's  gravity  model 
These  errors  reveal  their  presence  at-  differences  between 
ascending  and  descending  passes  at  their  respective  crossover 
points.  Cross-over  minimization  techniques  are  commonly 
applied  to  compute  mean  sea  surfaces  from  satellite  altimetry. 
This  type  of  crossover  adjustments  Is  an  essential  element  of  the 
data  analysis  since  this  type  of  approach  provides  the  opportunity 
to  obtain  a  highly  self-consistent  data  set  and  to  exercise 
statistical  selectivity,  thereby  reducing  the  adverse  effects  of 
orbit  misalignment  in  the  processing  of  the  allimetry  data.  In  the 
near  future,  it  is  expected  that  because  of  further  anticipated 
improvements  in  the  earth  gravity  field  and  other  dynamic  models 
until  1990  and  the  use  of  GPS  tracking  concepts  involving  a  GPS 
receiver  on  the  spacecraft  and  10-15  dedicated  tracking  stations 
on  earth  (Young  et  al,  1988),  the  radial  component  of  the  orbits 
of  future  allimetry  satellites  like  TOPEX  may  be  computed  with  an 
accuracy  ol  20  cm  or  better. 


Geoid  Signatures  of  Oil-related  Geological  Structures 

Large  lateral  density  variations  as  those  found  betwen  the 
geological  structures  of  Interest  to  oil  exploration  and  the 
surrounding  material  result  in  differential  changes  in  the  local 
gravitational  potential  given  by 

5V(P)  .  k  JJI  V  {6p(Q)  /  dpQ  )  dV  ( 1 ) 

where  the  integration  is  carried  out  over  the  volume  V  of  the 
dome,  5p(Q)  is  the  density  contrast  at  Q,  dpQ  Is  the  distance 
between  P  and  Q.  and  k  Is  the  gravitational  constant.  The 
gravitational  signal  in  the  corresponding  gravity  anomalies  Ag's 
is  strongly  related  to  the  variations  in  the  structure,  depth  and 
dimensions  of  the  geological  structure.  The  geoid  signal  revealed 
by  satellite  altimeters  may  be  used  instead  of  gravity  for 
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important  aspects  of  these  studies.  This  is  because  the  Fourier 
transform  Fg  of  the  vertical  component  of  the  gravity  field  Is 
directly  related  to  the  Fourier  transform  of  the  Ffj  of  the  geoid 
undulation  by  the  simple  relationship 

FN-Fg/{G\k\)  (2) 

where  G  is  the  mean  value  of  gravity  (9.8  m/sec^)  and  k  -  2itX 
denotes  the  wavenumber  associated  with  undulations  of  wavelength 
X.  tn  simple  terms,  the  spectral  relationship  between  gravity 
anomalies  Ag  and  the  geokfal  heights  N  is  given  by 

Nn  -  (R/G)  [  Agn  /  (n-Dl  (3) 

where  Ag^  and  N„  are  the  n-th  degree  harmonic  of  the  gravity 
anomalies  and  geoid  undulations  respectively,  and  R  Is  the  mean 
radius  of  the  earth.  From  (3)  is  evident  that  the  geoidal  heights 
have  the  same  spectral  content  as  do  gravity  anomalies,  except  that 
the  amplitude  of  the  geoidal  heights  as  scaled  by  a  factor  (n-1)-  f 
which  results  in  a  reduction  in  amplitude  with  increasing  degree. 
To  date  the  distribution  of  ground  tracks  from  GEOS-3,  SEASAT 
and  GEOSAT  has  achieved  a  sufficient  density  In  most  parts  of  the 
world  oceans,  making  a  relatively  complete  survey  of  salt  domes 
and  related  geological  features  possible.  This  raises  the  possibility 
that  satellite  altimetry  data  should,  in  their  own  right,  be  used  to 
map  changes  in  the  potential  surfaces  when  the  high-frequency 
spectrum  of  the  geoid  is  sought  as  in  the  case  of  hydrocarbon 
prospecting  applications. 

Detection  of  specific  geological  features  to  be  sought  in  the 
altimetry  data  requires  that  the  spectral  signatures  of  a  large 
number  of  possible  configurations  of  these  features  be  known. 
That  is,  the  sought  undulation  signature  after  regularization-i.e. 
after  the  standard  reductions  made  to  altimetry  data  to  remove  the 
effects  of  anticipated  (modelled)  gravitational  signals  due  to 
topography  (bathymetry),  isostalic  compensation,  and  reference 
gravity  field  variations-must  be  known  either  from  prior 
experience  or  be  adequatedly  modelled.  A  similar  approach  was 
applied  by  Schwank  and  Lazarewicz  (1982)  and  White  et  at. 
(1983)  for  the  detection  of  seamounts  and  for  subsequently 
inferring  about  the  underlying  compensation  mechanisms. 
However,  it  should  be  realized  that  such  detection  is  much  simpler 
than  relating  the  results  to  the  physical  properties  of  the 
signatures-which  is  the  main  purpose  of  using  such  a  technique  as 
a  geophysical  tool.  This  is  because  if,  for  instance,  sail  domes 
signatures  are  to  be  sought  in  the  data,  a  family  of  all  possible  salt 
dome  gravitational  signal  signatures  must  be  defined  first  as  a 
function  of: 

•  the  depth  of  the  dome  below  mean  sea  level  (0  to  10  km), 

•  the  width  of  the  dome  (1  to  40  km), 

•  the  cross  over  depth  of  the  surrounding  sediments  (500  to 
2000  m), 

•  the  composition  (density  of  2.4  to  2.9  g/cm^)  and 
thickness  (0.1  to  2  km)  of  the  cap  rock,  and 

•  the  density  of  the  surrounding  material  (1.7  to  2.9 
g/cm3). 

This  is  usually  the  result  of  a  standard  parametric  study  which 

anticipated  magnitude  of  various  types  of  signatures  which  must 
be  isolated  (detected)  in  the  satellite  altimetry  profiles. 


Deflnlllon  of  Spectral  Characterlitlca  of  Altimafry  data 

In  addition  to  the  models  of  undulation  signatures  associated 
with  specific  geological  signatures  such  as  salt  domes,  their 
detection  In  altimetry  data  requires  a  spectral  model  of  the 
altimetry  system  characteristics.  This  requirement  necessitates 
from  two  reasons:  (i)  different  altimetry  system  characteristics 
are  mapped  onto  the  magnitudes  of  the  studied  co-geoidal 
signatures,  thus  effectively  limiting  the  level  of  detectability  of 
specific  structures  having  specified  characteristics;  (II)  knowing 
the  spectral  characteristics  of  the  altimetry  data  Is  the  only  means 
that  can  yield  to  the  design  of  filtering  techniques  which  make 
possible  the  detection  of  small  signals  of  known  form  (I.e.  salt 
domes)  in  the  background  of  the  altimelric  measurement  noise. 

The  noise  spectrum  8^(0  of  the  altimetry  measurement  can  be 
conveniently  estimated  (againi  from  repeat  arcs  from  the  power 
spectrum  density  (PSD)  of  differenced  time  series, 

85,-52(0  -  2  Sn(f)  (4) 

where  Ci^nd  ^2  3''^  repeat  arc  segments  (Marks  and  Sailor, 
1986). 

For  the  purpose  of  detection  of  salt  domes  or  related  geological 
structures,  having  characterized  the  spectral  model  for  the 
altimetry  data  at  a  given  geographical  region,  the  residual 
altimetry  data  series  D(t)  at  time  t  along  a  specified  subirack  can 
be  modelled  as  a  noise  process  to  which  salt  dome  signatures  are 
added  at  unknown  locations.  That  is, 

D(t)  -  N(l)  +  SD(t-to)  (5) 

where  N(t)  is  a  Gaussian  random  process  modelling  the  altimeter 
noise,  and  SD(t)  Is  a  salt  dome  undulation  signature  centered  at 
sample  time  to-  To  detect  the  presence  of  a  salt  dome  signature  In  a 
sample  data  set  Dg,  a  statistical  hypothesis  test  is  performed;  i.e., 
a  null  hypothesis  Hq  that  the  salt  dome  signature  Is  absent,  I.e. 

Ho:  Ds(t)-Ns(t)  (6a) 

is  tested  against  an  alternative  hypothesis  H(SD,T)  that  a  specific 
salt  dome  signature  occurs  at  time  t 

H  :  Ds(t)  -  Ns(t)  +  SDs(T-to).  (6b) 

The  correlation  analysis  of  the  residual  geoid  (I.e.  after  error 
elimination  and  geoid  regularization  corrections)  reflected  by  the 
satellite  altimetry  data  and  the  sought  salt  dome  signatures, 
involves  the  computation  of  a  linear  response  function  and  allows 
to  determine  the  likelihood  that  a  given  signature  Is  present  in  the 
sample  data  set.  The  theory  governing  the  design  and  performance 
of  matched  filters  Is  well  known  from  the  communications  and 
signal  processing  literature.  For  this  reason  we  shall  refrain 
from  all  discussion  concerning  the  derivations  and  properties  of 
the  algorithms  and  simply  outline  the  steps  involved. 

First,  the  Fourier  transform  §  2>  (f)  of  the  salt  dome 
signature  SD(t)  and  the  power  spectral  density  8^(0  of  the 
random  process  that  describes  the  altimetry  data  noise  is  used  to 
estimate  the  transfer  function 

,%(f)  -  g:0(f)  /  S_(f).  (7) 

The  second  step  is  to  compute  the  output  2>d‘(i)  of  the 
detection  filler  defined  by  the  Fourier  transform 

£)5^(f)  -  ?e(f)  £)(f) 


(8) 
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where  S)  (f)  is  the  Fourier-transformed  track  of  satellite 
altimeter  data  D(t).  in  the  iast  step,  the  transformation  of  the 
detection  fiiter  output  in  the  time-domain  is  relatively 
straightforward  through  an  inverse  Fourier  transform 

DF(t)  -  £)3^{f)  }  (9) 

In  practice,  ihese  steps  are  naturaiiy  implemented  following  the 
usual  discretization  of  the  Fourier  transforms  as  a  consequence  of 
dealing  with  limited  data  samples.  The  performance  of  the 
detection  filter  can  be  described  in  terms  of  the  significant  level 
a  (i.e.  the  propabitity  a  of  rejecting  Hq  when,  in  fact,  Hq  is  true), 
and  the  expected  false  alarm  ra/ep  (i.e.  the  propability  p  of 
accepting  Hg  when,  in  fact,  Hg  is  false).  Evidently,  increasing  a 
(desirable)  leads  to  an  increase  in  p  (not  desirable),  so  that  a 
compromise  is  reached  by  choosing  (usually  based  on  experience) 
a  detection  threshold  that  yields  the  smallest  p-type  error  for  the 
same  significant  level  a.  The  likelyhood  of  false  alarms  is 
quantified  by  the  statistics  of  the  detection  filter  itself  (e.g.  the 
rms  signal  to  noise  ratio  assumed  by  the  detection  filler  output). 
These  may  vary  from  region  to  region  (or  even  from  track  to 
track),  the  choise  of  a  particular  (salt  dome)  model  signature,  the 
data  sampling  rate  and  the  off-track  distance  of  the  given  lodel 
signature  from  the  closest  approach  of  an  altimetry  track.  Hence, 
experimental  results  with  known  geological  structures  need  to  be 
carefully  analyzed  before  attempting  detection  of  specific  model 
signatures  with  unknown  characteristics  in  unknown  locations. 
However,  this  is  not  considered  a  serious  drawback  of  the 
technique  considering  that  the  redundancy  offered  by  the  numerous 
altimetry  tracks  available  to  dale  in  all  parts  of  the  world's  oceans 
can  help  resolve  any  ambiguities  that  one  may  encountered  in  the 
course  of  such  computations. 

SUMMARY 
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In  the  previous  sections,  we  have  outlined  In  some  detail  the 
procedures  currently  applied  by  our  group  to  explore  the  present 
capabilities  of  satellite  radar  altimeter  data  when  used  in  the  area 
of  petroleum  exploration.  The  analysis  techniques  as  described 
above  are  being  applied  to  areas  of  known  hydrocarbon  producing 
areas  with  quite  encouraging  test  results.  Present  analyses  have 
concentrated  in  the  area  between  40°  to  50°  of  the  east  coast  of 
North  America  (a  region  rich  in  diapiric  salt  structures  and 
seamounts  (giving  positive  gravity  anomalies)  both  buried  within 
the  continental  midgeocline  and  on  the  abyssal  plains  beyond  the 
shelf);  the  Gulf  Coast  with  the  submarine  Campeche  and  Sigsbee 
knolls  believed  to  be  due  to  diapirs;  and  the  North  Sea  with  its 
wealth  of  salt  diapirs  and  the  fault-bounded  graben  and  igneous 
centres.  Evaluating  the  available  satellite  altimetry  data  in  the 
vicinity  of  regions  of  known  geologic  characteristics  currently 
serves  as  "ground  Irulh"  at  this  stage  of  our  analysis,  and  provides 
additional  input  to  the  aforementioned  methodology.  Complete 
results  of  these  analyses  will  be  reported  in  the  near  future.  It  is 
planned  that  these  findings  be  integrated  with  the  results  from 
other  prospecting  tools  in  the  endeavour  to  acquire  as  much 
geological  understanding  as  possible  of  a  hydrocarbon  prospect. 
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Continuous  surface  layer  turbulent  wind  measurements 
were  made  in  the  NORCSEX  region  from  a  forward  mast  on  the 
R/V  Haakon  Mosby  from  3  to  27  March  1988  and  from  a  buoy  for 
a  40  hour  period  from  8  to  10  March.  Turbulent  kinetic 
energy  dissipation  rate  estimates,  derived  from  variance 
spectra  of  hot-film  sensed  wind  fluctuations,  were  used 
with  data  describing  the  surface  layer  thermal  stability  to 
calculate  the  wind  stress.  The  friction  velocity  (directly 
derived  from  the  wind  stress)  versus  wind  speed  is  the 
emphasized  atmospheric  parameter  in  interpreting  recent 
remote  sensing  parameters,  e.g.  Keller  et.  al  (JGR,  1985) 
and  Li  et.  al  (JPO,1989).  Friction  velocities  were  obtained 
in  the  NORCSEX  remote  sensing  experiment  to  examine  effects 
of  atmospheric  forcing  on  surface  wave  modulation  mechanisms 
affecting  SAR  and  Scatterorceter  backscatter.  Thermal 
stability  was  one  of  the  factors  presented  by  Keller  et.  al 
as  being  critical  to  explaining  non-linear  relationships 
between  scatterometer  measured  parameters  and  the  surface 
layer  wind  speed. 

Interpretation  of  the  friction  velocity  (wind  stress) 
results  are  on  the  appropriateness  of  open  ocean  derived 
drag  coefficients  for  the  NORCSEX  region  and  on  the 
relationship  between  ship  and  bucy  measured  friction 
velocities  and  scatterometer  backsv^atter  parameters. 
Previous  coincident  "dissipation"  derived  surface  wind 
friction  velocities  values  and  radar  (L  and  ku  band) 
measured  parameters  were  obtained  by  our  group  off  the  US 
West  Coast  (Geernaert  et.  al,  JGR,  1988)  and  in  the  west 
North  Atlantic  (Li  et  al,  JPO,  1989).  Those  results 
indicate  that  friction  velocity  (wind  stress)  values  are 
better  than  wind  speed  values  for  explaining  radar  sensed 
changes  of  surface  properties.  The  better  correlations  with 
friction  velocity  (wind  stress)  than  with  wind  speed  for  the 
North  Atlantic  "open  ocean"  and  west  coast  "coastal" 
locations  are  believed  to  occur  because  of  sea  surface 
temperature  fronts  and  of  coastal  influences  on  the  wave 
field,  respectively. 

The  combined  NORCSEX  friction  velocity  and  remotely 
sensed  results  should  yield  quite  good  information,  in 
comparison  to  the  previous  results,  because  of  more  complete 


descriptions  of  local  wave  fields  and  currents  and  the 
greater  variations  in  wind  forcing  intensities.  For  the 
NORCSEX  region  we  found  the  wind  speed  dependence  of  the 
neutral  drag  coefficient  to  differ,  20  to  30%  larger,  from 
that  formulated  by  Smith  (JGR,  1988)  and  which  is  often  used 
for  open  ocean  applications.  For  remote  sensing,  the 
relation  between  friction  velocity  and  bac)cscatter  values 
obtained  from  a  ship  mounted  scatterometer  (X,  C  and  L  band) 
is  best  described  by  two  linear  segments  where  the 
subgroups  correspond  to  wind  speeds  less  than  6  m/s  and 
greater  than  8  m/s.  These  results  relating  backscatter  to 
wind  forcing,  with  a  breakpoint  near  8  m/s,  agree  with  those 
presented  by  Keller  et.  al. 
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ABSTRACT 

During  March  1988,  active  microwave  radar 
coefficient  measurements  were  made  from  a  ocean  going 
research  platform  during  a  wind-wave-current  field 
experiment  on  the  Norwegian  Continental  Shelf 
(NORCSEX).  Radar  backscatter  data  were  collected  at 
1.5,  5.25,  and  9.38  GHz  for  incidence  angles  20*  to 
80'  and  with  both  like  and  cross  polarizations.  One 
of  the  primary  objectives  of  this  study  war  to 
investigate  the  ability  of  SAR  to  image  ocean  surface 
features  caused  by  current  fronts  and  eddies  in  the 
moderate  circulation  regime  off  the  Norwegian  coast. 

In  addition  to  supporting  the  SAR  imaging  aspects  of 
the  study,  data  were  acquired  for  use  in  the  study  of 
the  backscatter  response  of  a  wind  driven  sea. 

Detailed  sea  truth  and  meteorological  characteri¬ 
zations  acquired  spatially  and  temporally  coincident 
with  the  scattering  measurements,  and  SAR  Imagery 
allows  the  examination  of  the  influence  of  wind  speed, 
wind  direction,  and  sea  state  on  radar  cross  section. 

1.  INTRODUCTION 

In  preparation  for  the  1990  launch  of  the  first 
European  Space  Agency  (ESA)  Earth  Resource  Satellite 
(ERS-l)  which  will  Include  a  C-band  synthetic  aperture 
radar  (SAR),  a  two  week  wind-wave-current 
oceanographic  field  investigation  was  conducted  during 
March  1988  along  the  Norwegian  Continental  Shelf  known 
as  the  Haltenbanken.  A  primary  objeccive  of  this 
Norwegian  Continental  Shelf  Experiment  (NORCSEX)  was 
to  investigate  the  capability  of  SAR  to  image  ocean 
surface  features  associated  with  current  fronts  and 
eddies  in  the  moderate  current  regime  off  the 
Norwegian  coast.  Secondary  objectives  of  the  study 
were  to  assess  the  potential  of  a  C-band  SAR  to 
measure  ocean  surface  wind  and  waves. 

In  support  of  the  SAR  Imaging  aspects  of  the 
study,  data  were  acquired  to  study  the  microwave 
backscatter  response  of  a  wind  driven  sea.  A  three- 
frequency  four-channel  scatteroraeter  operated  from  the 
research  vessel  HAKON  HOSBY  collected  microwave  data 
at  frequencies  centered  at  1.5,  5.25,  and  9.38  GHz 
(L-.  C-,  and  X-band,  respectively),  with  incidence 
angles  from  20'  to  80'.  and  at  like  and  cross  linear 
polarizations.  The  scatteroraeter  collects  microwave 
data  in  a  real -aperture  mode,  and  thus  is  not 
dependent  on  platform  motion  (i.e.,  Doppler  effects) 
as  in  the  case  of  the  SAR. 

In  this  paper  the  L-,  C-,  and  X-band  scatteroraeter 
data  collected  during  NORCSEX  is  first  described. 

Data  collected  over  a  meteorological  and  oceanographic 
front  that  was  Imaged  coincidentally  with  the  C-band 
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SAR  is  then  presented.  Exponents  relating  the 
scattering  coefficients  (o-q)  to  wind  speed  are  then 
calculated  for  the  L-,  C-,  and  X-band  coincidentally 
collected  radar  data. 

2.  DATA  SETS 

The  location  of  the  March  '88  NORCSEX  investigation 
is  shown  in  Figure  1.  The  remote  sensing, 
meteorological  and  oceanographic  data  collected  during 
NORCSEX  is  summarized  in  Table  1.  The  remote  sensing 
data  included  the  ship  scatteroraeter,  the  C-  and  X- 
band  SAR,  the  NOAA  satellite  Advance  Very  High 
Resolution  Radiometer  (AVHRR)  Imagery,  the  6E0SAT 
satellite  altimeter,  and  DMSP  satellite  Special 
Scanning  Microwave  Imager  (SSM/I). 
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TabI*  1.  OVERVIEW  HALTENBANKEN  EXPERIMENT  1988 
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The  meteorological  measurements  and  data 
assimilation  were  conducted  during  the  entire  NORCSEX 
field  Investigation  period.  Time  series  of  surface 
layer  meteorological  data  from  ship  mounted  sensors 
and  profilers  of  temperature,  humidity  and  vector  wind 
from  rawinsondes  were  obtained.  Surface  layer  wind 
fluxes  (l.e,  dragg  coefficients)  were  obtained  from 
ship  mounted  hot-film  and  the  use  of  miniature  cups. 

The  oceanographic  sea  truth  was  obtained  by  the  use 
of  a  ship  mounted  thermistor  (sea  surface 
temperature),  a  towed  undulating  SeaSoar  (salinity  and 
temperature  from  the  surface  to  250  m),  and  the  ship 
mounted  150  KHz  Acoustic  floppier  Current  Profiler 
(AOCP).  The  ADCP  provides  a  measure  of  absolute 
current  every  5  m  from  the  surface  to  near  the  ocean 
bottom. 


3.  SCATTEROMETER  OBSERVATIONS 

During  this  Investigation  the  L-,  C-,  and  X-band 
radar  scatterometer  was  mounted  on  the  starboard  side 
of  the  wheelhouse  of  the  R/V  HAKON  HOSBY  (Figure  2). 
Detailed  scatterometer  system  specifications  have  been 
Included  In  Table  2.  It  was  positioned  as  far  forward 
on  the  ship  as  possible  and  pointed  slightly  forward 
of  where  the  ship  generated  bow  waves  are  produced. 
Thus,  the  effects  of  the  bow  generated  waves  were 
minimized.  Bow  waves  which  Interacted  with  the 
ambient  ocean  wave  field  did  however,  break  near  the 
ship  creating  minimum  observation  angles  of  Incidence 
which  were  sea  state  dependent.  Calm  conditions 
allowed  observations  at  Incident  angles  as  small  as  20 
degrees,  where  as.  In  the  extreme  wave  cases  minimum 
angles  were  between  40  and  50  degrees.  Ship  roll  and 


pitch  motions  were  recorded  as  part  of  the  data  stream 
and  when  they  were  great  enough  to  cause  the 
backscatter  returns  to  fall  outside  of  the  radar 
Intermediate  frequency  processing  filter,  these  data 
were  noted  and  not  Included  In  the  averaging  process. 
To  date,  2  and  10  minute  averages  have  been  processed. 
As  the  ship  transited  through  the  oceanographic 
features  and  wind  fields,  four  channels  of  backscatter 
data  and  a  visual  time-encoded  video  record  were 
acquired. 

Radar  observations  at  L-VV,  C-HH,  X-VV  and  X-VH  or 
L-HH,  C-VV,  X-VV  and  X-VH  were  made  as  the  ship 
transited  through  ocean  fronts  and  Internal  waves. 


The  first  letter  refers  to  the  radar  frequency  used 
while  the  VV,  HH,  and  VH  denotes  the  transmit  and 
receive  polarizations.  For  example,  VH  Indicates  a 
cross  polarization  measurements  where  vertical 
polarization  was  transmitted  and  horizontal  received. 
The  range  of  meteorological  and  oceanographic 
conditions  that  occurred  during  the  period  of 
scatterometer  observations  5  to  18  March  are 
summarized  In  Table  3. 


Figure  2.  Three  -  Frequency,  Four  -  Channel  Scatterometer 
Operated  at  1 .5, 5.25,  and  9.38  GHz,  at  Angle  From 
20°  to  80°,  and  Like  and  Cross  Linear  Polarization 


TabI#  2.  SCATTEROMETER  SYSTEM  PARAMETERS 


Parameter 

L-Band 

C-Band 

X-Band 

FrMm^ncytGKz) 

t  50 

525 

9  38 

Wsv*l«nQi]T  (cffl) 

200 

57 

3.2 

Polxflzation 

•w.vhhv.hh* 

lncltf*nc»  Argi* 

20*  to  80* 

HsigNCffl) 

10 

$po(Si2S{m)«40» 

2.1 

0,7 

0,7 

Bantf«fdih(PylHc) 

350 

525 

575 

SIT*-' 

P«rPM*r«i4a 

12 

5 

8 

Prsctsiorr(0B)«4O» 

it  1 

13  0 

126 

AbsoM*  AecuTAcy 

ilO 

11.0 

11.0 

4 

look  (Xrsctloo 

Starboon) 

*  Attum4«  {TiA  Sudac*  Is  Sttf  lonary 
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Table  3.  Range  of  Meteorologic  and  Oceanographic 

Conditions  During  Scatterometer  Observation 
Period  5  to  18  March 


WMSpMd(iSm) 

0  (0  2S  m,^  with  gu»t$  lo  30 

T«npatix*Alr(15m) 

■6*cto*e^c 

T*mpatur«  S»a  (Sortac*) 

?Clo7»C 

Wav»h«igh(  (H 1/3) 

1 10 10  m  with  2  ■  4  m  rypcal 

SwalWtvaiangth 

lS0lo300m 

An  example  of  an  ocean  front  observed  on  13  March 
Is  shown  In  the  photograph  provided  In  Figure  3.  The 
temperature  gradient  for  this  front  was  +2*C  and  was 
created  at  the  boundary  between  warm  Atlantic  Ocean 
water  (T~7*C)  and  the  colder  Norwegian  coastal  water 
(T~5*C).  The  photograph  Illustrates  the  Importance  of 
sea  surface  temperature  on  the  small  scale  surface 
roughness.  Backscatter  angular  and  polarization 
response  measurements  were  made  on  each  side  of  this 
ocean  frontal  feature.  Quad-polarization  measurements 
(VV,  VH,  HV,  AND  HH)  were  made  at  L-  and  C-band  and 
dual -polarization  measurements  (VV  and  VH)  at  X-band. 
Seven  leg  star  patterns  were  made  to  address  wave  and 
wind  aspect  angle  dependencies. 


An  Interesting  data  collection  took  place  on 
17  March  In  which  fluctuations  In  wind  speed  of  2  to 
13  m/s  were  experienced  during  a  ten  hour  period  as 
the  ship  transited  an  oceanographlc/raeteorologlcal 
front.  Sea  temperatures  ranged  from  5*  to  8*C  while 
the  air  temperature  was  3*C.  The  air-sea  temperature 
difference  (T  =  Tg^^  -  T«pa)  ranged  from  -2*'C  to  -5*C 
producing  unstable  conditions  since  T  <  -2*  C.  A 
gravity  wave  swell  traveling  In  the  same  direction  as 
the  wind  with  2-4  ra  significant  wave  height  was 
present  during  the  scatterometer  observation.  The 
wind  and  wave  direction  with  respect  to  the  radar  was 
approximately  90*  (1*e>i  upwind/downwind  look 
direction).  In  Figure  4a,  the  L-,  C-,  and  X-band 
radar  scattering  coefficients  measured  during  this  ten 
hour  period  are  shown  as  a  function  of  time.  The  wind 
speed  and  direction  measured  coincidentally  with  the 
scatterometer  at  a  height  of  15  m  Is  shown  In  Figure 
4b.  These  figures  visually  shows  the  correlation 
between  wind  speed  and  radar  scattering  cross  section. 
Features  that  are  Instructive  Include  the  general 
Increase  In  cross  section  as  wind  speed  Increases,  the 
hysteresis  associated  with  wave  decay  after  a 
reduction  In  wind  speed,  and  the  change  In  the 
scattering  coefficients  of  10-13  dB  for  an  Increase  In 
wind  speed  of  3  m/s  to  13  m/s. 


3 

I 

C 

5 

6 


•  l-WRSO 

♦  cwnsc 
■  xwnsc 


Figure  4a.  Radar  Scattering  Coellicient  at  U-,  C-,  and  X-band 
Measured  While  Crossing  an  Ocean-Meteorological 
Front  on  17  March 


Figure  3.  Example  of  an  Ocean  Front  which  was  Transited  on 
13  March.  The  Temperature  Gradient  was  2  *0. 

The  Front  was  Created  at  the  Boundary  of  Warm 
Atlantic  Water  (7  °C)  ani^  Colder  Coastal  Water  ( 5  *C). 


Figure  4b.  Wind  Speed  Measured  From  Ship  While  Crossing 
an  Ocean-Meterorological  Front  on  17  March. 
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It  1s  also  Interesting  to  report  that  a  response 
Identical  to  that  of  the  C-band  scatterometer  was 
observed  by  the  SAR  5.6  GHz  data.  During  this  period 
a  rapid  transition  from  a  spatially  large  region  of 
weak  returns  where  winds  were  calm  «3m/s)  to  strong 
radar  returns  where  the  winds  greatly  Increased  (>10 
n/s)  produced  a  10  dB  difference  In  backscatter 
Intensity  for  these  two  regions  [reported  by  Shuchman 
ec  a1,  1989,  these  proceedings].  The  ship  transited 
across  this  front  about  30  minutes  after  the  SAR  and 
noted  this  change  In  wind  speed  Immediately  prior  to 
crossing  thg  ocean  front  at  11  GMT.  The  wind  friction 
velocity  (U  )  can  be  related  to  dragg  coefficient  (Cj) 
and  true  wind  speed  (U)  by  the  following  expression 

U*  =  C(jl/2u  (1) 


In  this  case  U*  changed  from  0.1  to  0.5  m/s  across 
this  front  Illustrating  the  Important  difference  In 
sea  surface  roughness. 

The  radar  scattering  coefficient  a'  has 
historically  been  related  to  wind  speed  through  a 
transfer  function  of  the  form 

ff‘(U)  =  CU'’'  (2) 

where  U  Is  related  to  the  surface  wind  vector,  C  the 
scaling  coefficient,  and  7  the  wind  vector  exponent. 

In  addition  to  the  local  wind  vector,  the  radar 
scattering  coefficient  can  be  additionally  Influenced 
by  a  array  of  other  environmental  parameters  which 
Include  wave  slope,  sea  surface  temperature,  air-sea 
temperature  difference,  and  surfactants  [Oonelan  and 
Pierson,  1987;  Plant,  1986].  In  Figure  5,  the  radar 
scattering  coefficients  at  L-,  C-,  and  X-bands  are 
shown  as  a  function  of  equivalent  10  m  (height  above 
the  ocean  surface)  winds.  Forty  ten-minute  Intervals 
were  used  In  producing  these  plots.  All  three 
frequencies  produce  approximately  the  same  scaling 
coefficient,  but  yield  different  wind  vector  exponents 
and  correlation  coefficients  (i.e.,  they  range  from 
0.6  to  0.8).  Exponents  Increased  with  Increasing 
frequency  and  ranged  from  1.30  to  1.76. 

Keller  et  al  [1989]  reported  data  collected  from  a 
tower  situated  In  the  North  Sea  for  C-VV  and  an 
Incident  angle  of  45*  which  showed  a  response  very 
similar  to  the  NORCSEX  observations.  The  radar  cross- 
sections  ranged  In  value  from  about  -24  to  -15  dB  for 
a  change  In  wind  speed  of  2  to  10  m/s.  For  this  same 
change  In  wind  speed,  our  scattering  coefficients 
ranged  from  about  -26  to  -17  dB.  Recall  the  NORCSEX 
C-band  measurements  utilized  HH  polarization.  This 
change  In  polarization  from  vertical  to  horizontal  Is 
sufficient  to  account  for  the  observed  difference. 

The  agreement  in  absolute  level  Is  reasonable  and  each 
set  of  measurements  produced  a  9  dB  change  In  cross- 
section  for  this  wind  speed  difference.  The  computed 
wind  vector  exponent  for  the  results  reported  by 
Keller  was  1.50.  In  our  case,  the  exponent  Is  1.64. 


4.  SUMMARY 

A  wide  range  In  meteorological  and  oceanographic 
conditions  with  respect  to  winds,  waves,  temperatures 
occurred  during  NORCSEX.  Several  distinct  moderate  to 
high  winds  (greater  than  10  m/s)  events  were 
encountered  as  well  as  low  wind  conditions  (2-4  m/s). 
Preliminary  analysis  Indicates  excellent  correlation 
between  variation  of  observed  wind  conditions  and  drag 
coefficients  and  variations  of  shipboard  and  aircraft 
remote  sensing  data.  Future  efforts  will  be  directed 
at  examining  the  relationships  between  wind  stress, 
sea  surface  temperature,  stability,  sea  and  swell  on 
remote  wind  vector  determination. 


Figure  5 
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Radar  Scattering  Coefficients  Measured  on  17  March  at  L-VV, 
C-HH,  and  X-VV  are  Shown  as  a  Function  of  Equivalent  10-m 
Winds. 
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CORKEIATION  OF  KAKlKS  FADA&  CROSS  SECTION  STATISTICS 


WITH  VINO  STRESS  DtIRINO  NORCSU 
Qennl*  B.  Trlzn* 

Radar  Dlvlaton,  Naval  Racearch  Laboratory 
Waahingcon.  D.C.  20375-5000 

Kan  Davldaon 

Naval  Foacgraduata  School 
Hontaray,  California 

ABSTRACT 

Callbratad  marina  radar  aaa  acho  aaaplai  vara  collactad  during  NORCSEX  on 
Che  HaVan  Kosby  rataareh  vaaaal  to  atudy  tha  dependence  of  aaa  acactar 
aeatlaclca  on  vlnd  apaed  and  wind  scrota,  MaaturamanCa  were  mads  aboard 
ahlp  of  vlnd  atraaa  using  Che  dlaalpaclon  aechod  with  hoC-vira  anaicoaeCera, 
Ualng  racordad  ahlp  heading  and  relative  wind  direction,  the  effaces  of  flow 
discortlon  due  co  winds  passing  across  the  hull  of  chs  ship  from  ehs  rear 
relaclvs  to  tha  forward  Bountad  Insecuaantation  wars  ellnlnatad  by 
naglactlng  data  for  these  gaoBatclas.  Radar  data  wars  collected  over  a  full 
360  degrees,  within  a  radius  of  one  kiloBccer.  The  peek  radar  clutter 
direction  was  detamlnad  from  the  radar  data  and  a  aeccor  30  degrees  either 
aide  of  this  direction  was  chossn  for  eODparlaon,  This  peak  clutter 
direction  was  not  always  aligned  with  tha  wind,  partlculary  after  a  change 
In  wind  direction,  at  had  been  observed  previously  in  FASINEX  and  In  an 
experiment  conducted  In  the  Pacific  Ocean,  Cumulaclvs  distributions  of 
saaplea  were  datamlned  for  slgch  different  sacs  of  range  bins,  the  canter 
bln  of  which  defined  a  grazing  angle,  batwaan  0,35  and  3,S  degrees.  Two 
Welbull  nodal  distributions  ware  fitted  to  each  data  set,  one  associated 
with  tea  spikes  and  the  second  with  a  distributed  scattering  mechanism. 
Median  baekscatter  level  for  each  grazing  angle  are  determined,  which  la 
Independent  of  any  modal  fit,  as  well  at  sea  spike  paraastert,  which  have 
previously  been  shown  to  correlate  with  white  cap  coverage.  Peak  clutter 
directions  are  compared  with  wind  directions  and  primary  wave  directions 
measured  by  pitch  and  roll  buoys  In  the  test  area. 
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ABSTRACT 

Data  acquired  with  the  Defense  Meteoro¬ 
logical  Satellite  Program  (DMSP)  Special  Sen¬ 
sor  Microwave  Imager  (SSM/I)  during  the  Nor¬ 
wegian  Coastal  Sea  Experiment  (NORCSEX)  in 
March  1988  have  been  utilized  to  estimate 
scalar  winds  in  the  Nor;;egian  and  Greenland 
Seas.  The  algorithm  for  calculating  these 
winds  was  first  developed  for  the  Nimbus-7 
Scanning  Multichannel  Microwave  Radiometer 
(SMMR)  in  order  to  investigate  scalar  winds 
during  the  Polar  Lows  Experiment  in  February 
1984;  the  coefficients  in  this  algorithm  have 
been  tuned  to  accommodate  differences  in  the 
SSM/I  and  SMMR  instruments. 


INTRODUCTION 

Passive  satellite  radiometric  data  are 
utilized  to  calculate  scalar  surface  'winds 
over  the  polar  oceans.  The  method  is  appli¬ 
cable  at  high  latitudes  because  the  air  is 
relatively  dry,  and  the  corrections  for 
cloudiness  and  rain  are  possible  without  in¬ 
curring  excessive  errors.  The  data  source 
was  the  Defense  Meteorological  Satellite  Pro¬ 
gram  (DMSP)  Special  Sensor  Microwave  Imager 
(SSM/I)  during  the  Norwegian  Coastal  Sea  Ex¬ 
periment  (NORCSEX)  in  March  1988.  These  data 
were  utilized  to  estimate  scalar  winds  in  the 
Norwegian  and  Greenland  Seas.  The  algorithm 
for  calculating  these  winds  was  first  devel¬ 
oped  (Gloersen  et  al.,  1989)  for  the  Nimbus-7 
Scanning  Multichannel  Microwave  Radiometer 
(SMMR)  (Gloersen  and  Barath,  1978)  in  order 
to  investigate  scalar  winds  during  the  Polar 
Lows  Experiment  in  February  1984. 


^Support  for  this  work  was  provided  by 
the  Office  of  Naval  Research  under  reim¬ 
bursable  document  No.  N0001488WM22006. 


The  SMMR  on  board  the  Nimbus  7  was 
launched  in  October  1978  for  the  purpose  of 
determining  the  utility  and  precision  of  ob¬ 
taining  on  a  global  basis  information  on  sea 
ice  coverage,  near-surface  oceanic  winds,  sea 
surface  temperatures,  atmospheric  water  va¬ 
por,  and  cloudiness  (Gloersen  et  al.,  1984). 
Also,  snow  water  equivalence  and  soil  mois¬ 
ture  were  some  of  the  terrain  parameters  to 
be  studied.  All  of  the  algorithms  for  esti¬ 
mating  these  parameters  made  use  of  the  mul- 
tispectral,  dual-polarized  radiances  measured 
by  SMMR,  tep  channels  in  all  at  the  five 
wavelengths  0.8,  1.4,  1.7,  2.8,  and  4,6  cm. 
In  particular,  a  prelaunch  algorithm  was  de¬ 
veloped  for  obtaining  near-surface  scalar 
winds  on  a  global  basis  (Wllhelt  et  al., 
1983).  This  algorithm  makes  use  of  four  of 
the  ten  SMMR  channels,  including  the  2.8  cm 
channels  with  nominal  footprint  sizes  of 
about  100  Km.  Vihile  this  algorithm  works 
satisfactorily  at  distances  of  300  Km  or  more 
from  land  or  sea  ice,  it  is  poorly  suited  for 
estimating  winds  in  the  polar  regions  near 
land  or  the  ice  edge,  and  tends  to  wash  out 
the  details  of  polar  low  events  which  are 
smaller  in  scale. 

The  alternative  algorithm  utilized  in 
this  paper  was  designed  specifically  for  the 
polar  regions  which  utilizes  ratios  of  a  dif¬ 
ferent  combination  of  four  channels,  at  0.8 
and  (in  the  case  of  SSM/I)  1.55  cm,  and  sub¬ 
sequently  yields  valid  estimates  closer  to 
land  and  sea  ice  boundaries.  Restricting  the 
estimates  to  polar  regions  minimizes  the  in¬ 
terference  from  atmospheric  water  vapor  fluc¬ 
tuations.  At  this  point  in  time,  the  algo¬ 
rithm  for  SSM/I  has  not  been  tested  against  a 
statistically  significant  data  set.  This  pa¬ 
per  represents  a  status  report  on  the  ongoing 
algorithm  development. 


PHYSICAL*  BASIS  FOR  TKS  ALGORITKw 

Radiation  emanating  from  the  ocean  sur¬ 
face  in  the  microwave  regime  can  be  described 
by  the  Rayleigh-Jeans  approximation  to  the 
Planck  radiation  law,  i.e.  the  radiated  power 
is  linearly  dependent  on  the  sensible  temper¬ 
ature  of  the  radiating  layer.  Thus,  mi- 
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crowave  radiance  is  commonly  given  in  units 
of  degrees  kelvin  and  referred  to  as  bright¬ 
ness  temperature.  The  radiance  also  depends 
linearly  on  the  emissivity  of  the  radiating 
surface.  For  calm  seas,  the  emissivities  are 
typically  about  0.5  and  0.2  for  the  verti¬ 
cally  and  horizontally  polarized  channels, 
respectively  (Gloersen  and  Barath,  1977). 
When  subjected  to  wind  stress,  the  reflectiv¬ 
ity  of  the  oceanic  surface  decreases  from  its 
specular,  calm  seas  value  due  to  the  forma¬ 
tion  of  waves  and  whitecaps.  Therefore,  the 
emissivity  of  a  wind-swept  ocean  increases, 
resulting  in  a  nonlinear  Increase  in  radiance 
from  the  ocean  with  increasing  near-surface 
wind  (Bollinger,  1971;  Webster  et  al.,  1976). 
The  horizontally  polarized  radiance  increases 
at  a  higher  rate  than  the  vertically  polar¬ 
ized  (Gloersen  and  Barath,  1977) . 

Estimation  of  scalar  near-surface 
oceanic  winds  from  observations  of  microwave 
radiances  is  complicated  by  atmospheric  in¬ 
terference  arising  from  fluctuations  in  atmo¬ 
spheric  water  vapor  and  cloud  water  content. 
It  is  further  complicated  by  variations  in 
the  ocean  surface  temperature  in  two  ways,  by 
the  direct  dependence  mentioned  earlier  and 
by  a  temperature  dependence  on  the  onset  of 
whitecapping  (Monahan  and  O'Muircheartaigh, 
1986) .  All  of  these  complications  are  mini¬ 
mized  by  restricting  these  estimations  to  po¬ 
lar  waters,  where  the  ranges  of  sea  surface 
temperature  and  the  atmospheric  water  vapor 
are  small.  Variation  in  cloud  water  content 
is  also  generally  smaller  in  the  polar  re¬ 
gions,  but  must  be  ta)cen  into  account  when 
estimating  winds. 


FUNCTIONAL  FORM  OF  THE  ALGORITHM 

In  order  to  minimize  further  the  depen¬ 
dence  of  wind  estimation  from  microwave  radi¬ 
ance  on  oceanic  surface  temperature,  the  mi¬ 
crowave  polarization,  defined  as  the  ratio  of 
the  difference  of  the  vertically  and  horizon¬ 
tally  polarized  radiances  at  a  given  wave¬ 
length  and  their  sum,  is  used  as  the  indepen¬ 
dent  variable.  In  this  way,  the  effect  of 
sea  surface  temperature  is  eliminated  to 
first  order.  As  has  been  shown  previously 
(Gloersen  et  al.,  1989),  this  approach  has 
the  additional  advantage  of  a  linear  rela¬ 
tionship  between  the  oceanic  scalar  winds  and 
the  observed  polarization.  Either  the  polar¬ 
ization  at  the  0.8  or  1.55  cm  wavelength 
could  be  used  for  these  estimates,  but  the 
longer  of  the  two  is  less  subject  to  inter¬ 
ference  from  clouds  and  is  therefore  se¬ 
lected.  Since  the  sensitivity  of  polariza¬ 
tion  to  wind  is  about  the  same  at  either 
wavelength,  but  not  the  same  for  cloud  water, 
the  difference  in  the  polarizations  at  the 
two  wavelengths  is  used  to  detect  cloud  water 
amount. 

Defining  the  polarization  at  1.55  cm  as 
PR  and  the  difference  in  the  polarizations  at 
0.8  and  1.55  cm  as  DP,  estimates  of  the  near¬ 
surface  scalar  winds,  W,  and  cloud  liquid  wa¬ 
ter  amount,  L,  are  obtained  as  follows: 


W  -  Wj^*(PR  -  Wq)  + 

W2*(DP  -  Lq)  (knots) 

(1) 

L  =  Li*(PR  -  Wq)  + 

L2*(DP  -  Lq)  (cm) 

(2) 

Where,  tentatively. 

Wq  =  0.242 

Lq  “  0.056 

W,  -  -806.4 

L,  =  -0.217 

Wj  =  -618.3 

L2  =  0.499 

The  above  coefficients  are  the  same  as  those 
for  SMMR  (Gloersen  et  al.,  1989).  The  justi¬ 
fication  for  tentatively  using  this  set  of 
coefficients  is  that  when  overlapping  data 
from  SMMR  and  SSM/I  during  July-August  1987 
were  compared  on  a  DP,  PR  scatter  diagram, 
the  points  were  found  to  fall  in  essentially 
the  same  area  and  with  s.:mllar  patterns.  Ul¬ 
timately,  the  same  statistical  procedure  used 
to  obtain  the  SMMR  coefficients  by  comparison 
of  SSM/I  data  with  in  situ  data  (Gloersen  et 
al.,  1989)  will  be  used  to  obtain  refined  co¬ 
efficients  for  SSM/I. 


ILLUSTRATIONS  OF  SURFACE  WIND 

AND  CLOUD  WATER  ESTIMATES  FROM  SMMR 

In  lieu  of  SSM/I  images  from  NORCSEX 
which  are  not  available  as  of  this  writing, 
we  show  in  Figures  1-2  grid-print  maps  of 
near-surface  oceanic  scalar  winds  and  cloud 
liquid  water  content  in  the  Norwegian,  Green¬ 
land,  and  Barents  Seas  for  the  ascending 
nodal  pass  of  the  SMMR  on  27  February  1984, 
which  occurs  at  approximately  1000  GMT.  The 
polar  low  observed  at  69 ’N  and  3*W  by  Shapiro 
et  al.  (1987)  can  be  seen  as  well  in  Figures 
1  and  2  at  the  same  location.  In  both  fig¬ 
ures,  the  points  to  the  center  of  the 

storm,  located  near  the  edge  of  the  SMMR  or¬ 
bital  swath.  (The  wedge-shaped  data  gap  is 
the  space  between  adjacent  swaths.)  Winds 
ranging  from  30-70  knots  can  be  seen  in  this 
vicinity.  An  area  of  strong  wind  extends  all 
the  way  from  the  sea  ice  edge  near  Greenland 
to  the  coast  of  Norway.  This  is  a  marked 
change  from  the  situation  9  hours  earlier 
when  the  winds  were  generally  weaker.  The 
cloud  patterns  (Figure  2)  are  in  the  form  of 
circular  bands  to  the  east  of  the  storm  cen¬ 
ter,  with  one  band  just  off  the  coast  of  Nor¬ 
way  and  another  about  300  Km  to  the  west. 
They  are  approximately  centered  on  the  polar 
low. 


SUMMARY 

Multispectral  microwave  radiances  ob¬ 
tained  from  the  SSM/I  have  been  compared  to 
SMMR  data  during  a  period  when  both  instru¬ 
ments  were  in  operation.  As  a  result,  it  was 
found  that  the  algorithm  coefficients  for  the 

«  V  ^  pw  M  Pft  pp  P*  p«  pw  pp  Xm  J  pp  pp  pp  Ppp  m  ^  p*  ^  Ap  4  pp  ^ 

oru'm  wOujpU  ao  a  oawxsjpC^CwOi.j'  xiixvxux 

set  of  coefficients  for  SSM/I.  An  example  of 
a  polar  low  observed  with  the  SMMR  is  shown 
to  illustrate  the  technique.  SSM/I  data 
showing  two  high  wind  events  during  NORCSEX 
will  be  described  at  the  IGARSS'89  symposium. 
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NE/kR  SURFACE  WINDS  (IN  TENS  OF  KNOTS)  ASCENOINC  ORBITAL  NODE  2/27/84 


Fig.  1.  Near'surface  wind  estimates  from  the  Niefcus-?  SNHR.  The  winds  are  Indicated 

In  10-knot  Intervals,  starting  with  'V  »  0-10  knots.  '0'  Indicates  90-100  knots. 
The  time  of  passage  over  0  E,  70  N  was  about  1000  CHT 


CLOUD  LIQUID  UATER  CONTENT  (IN  UNITS  OF  0.01  CM)  ASCENDING  OABITAL  NODE 
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ABSTRACT. 

A  system  for  evaluation  of  sea 
surface  satellite  data  has  been  constructed. 
GEOSAT  altimeter  wave  height  and  wind 
measurements  from  the  North  Sea,  Norwegian 
Sea  and  Barents  Sea,  March  1988,  has  been 
compared  to  NORCSEX'88  buoy  measurements  and 
calculations  from  numerical  models.  The 
tested  GEOSAT  wind  data  were  found  to  be  of 
variable  quality.  As  expected  the  wave  height 
data  orooved  to  be  of  better  quality  and 
might  be  used  as  initial  data  in  numerical 
models. 

KEYWORDS:  altimeter,  wind  speed,  wave  height, 
evaluation 


A  major  limitatio-'  ‘’or  improvements 
of  current  atmospheric  3'"^  oceanographic 
numerical  forecasts  is  the  lack  of  observed 
data  over  the  oceans  .  This  may  be  changed 
by  the  use  of  satellite  sea  surface  data. 

Compared  to  conventional  meteorol¬ 
ogical  in  situ  measurements  the  satellite 
wind  and  wave  information  differs  in 
representativity  both  in  time  and  space.  Such 
information  has  therfore  to  be  validated 
before  operational  use  can  be  prepared.  In 
this  work  we  are  studying  altimeter  data  from 
GEOSAT,  and  compare  it  with  in  situ 
measurements  from  the  NOCSEX-88  field 
experiment  at  Haltenbanken  and  with  DNMi's 
model  analysis.  The  investigation  period  is 
March  1988.  The  objectives  are: 

1:  To  build  up  an  evaluation  system 
handling  satellite  data. 

2:  To  evaluate  the  three  types  of  data 

especially  considering  potential  use  of 
altimeter  data  in  model  assimilation. 


2.  DKSCRIPTION  OF  THE  MEASUREMENT  SYSTEMS 

The  data  is  collected  from  three 
independent  sources  of  information: 
observations  from  buoys  and  satellite  and 
numerical  model  analysis.  In  this  chapter  we 
will  describe  the  three  diferferent  data 
systems. 


2.1  Model  analysis 

DNMI  are  running  two  limited  area 
atmospheric  models  operationally  (Gr0nAs, 
Hellevik  1982)  .  LAM150  is  covering  the 
Atlantic  side  of  the  northern  hemisphere  with 
a  grid  point  distance  of  150  km  .  LAM50  is  a 
mesoscale  model  with  a  grid  point  distance  of 
50  km  <fig.2.1).  Both  in  I,AM150  and  LAM50  11 
pressure  levels  are  used  for  analysis  and  10 
sigma  levels  are  used  in  the  prediction 
•nodel.  The  models  are  developed  by 
scientists  at  DNMI. 


Fig.  2,1  LAM50  integration  area. 


To  create  the  initial  field  the 
models  use  a  method  of  multivariate  analysis. 
(Gr0nas,  Midtb0  1986) .The  basis  of  the 
analyse  is  a  great  amount  of  meteorological 
data  from  an  international  network  of 
observations.  Tiie  idea  of  the  aiiaiysis  :.s  to 
assimilate  the  observations  to  the  model  grid 
points.  In  the  grid  points  the  observations 
are  weighted  against  a  fi'St  guess  field  from 
the  previous  6  hours  model  prognose. 

The  model  winds  used  in  this  study 
are  analysed  winds  from  the  LAM50  model 
reduced  from  the  lowest  model  level  to  10  m 
above  sea  surface. 
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A  numerical  spectral  wave  model  is 
operational  at  DNMI.  It  is  called  WHINCH  and 
is  developed  by  Oceanweather  Inc.,  Cob,  USA. 
A  description  of  the  model  and  an  evaluation 
of  its  performance  is  contained  in  the  SWAMP 
report  (SWAMP  1985)  where  it  is  referred  to 
as  the  SAIL  model.  The  model  produces  a  full 
two  dimensional  wave  spectrum  at  15  freqensy 
bands  (0.04  -  0.24  Hz)  and  24  directional 
sectors  (15  width) .  The  time  step  is  two 
hours  and  the  grid  resolution  is  150  )cm  in 
the  Atlantic  and  75  );m  in  the  North  Sea, 
Norwegian  Sea  and  the  Barents  Sea.  The 
operational  model  input  is  friction  wind 
velocity  from  LAM150  predictions.  No 
assimilation  of  wave  observations  are 
involved  so  far.  However,  for  the  period  of 
this  investigation,  the  model  was  rerun  and 
updated  using  LAM50  wind  analysis.  These 
results  will  be  refered  to  as  model  anaysis 
in  this  report. 


2.2  Buoy  measurements 

During  NORCSEX  insitu  measurements 
from  4  moored  metocean  data  buoys,  deployed 
by  Oceanor,  were  collected  (ODAP  1988) .  It 
was  one  WAVESCAN  (Station  1)  and  3  NORWAVE 
data  buoys  (Station  2,  3,  4) .  The  location  of 
the  NORCSEX  study  area  and  the  positions  of 
the  4  buoys  are  shown  in  fig.  2.1  and  2.2.  A 
spesification  of  the  measurement  systems  is 
given  in  table  2.1.  The  buoys  measure  the 
wind  useing  an  instrument  4  meter  above  the 
sea  surface.  The  NORCSEX  buoy  measurements 
are  not  among  the  obsevations  used  in  the 
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2.3  Satellite  measurer'ent-S 

We  are  studying  wind  and  wave  data 
from  GEOSAT.  GEOSAT  is  operated  by  the 
US-Navy  and  has  been  successfully  on  duty 
since  March  1985.  It  is  equipped  with  a  radar 
altimeter.  A  radar  altimeter  is  an  active 
microwave  sensor  collecting  information  about 
reflection  time  and  scattering  of  transmitted 
micro  waves.  The  collected  raw  data  are 
analysed  and  processed  by  NOAA.  The  satellite 
and  the  processes  involved  is  described  in 
NOAA  Tecnical  Memorandum  NOS  NGS-46  (NOAA 
1987)  . 

The  altimeter  transmits  electro¬ 
magnetic  pulses  and  measures  the 
bac)cscattered  returns  from  the  sea  surface. 
The  wind  is  retrieved  by  the  smoothed  Brown 
algorithm  based  on  the  p-insiple  that  for 
increasing  winds  the  sea  surface  becomes 
increasingly  roughned  and  less  radiation  are 
scattered  bac)c  to  the  altimeter.  The 
altimeter  wave  heights  are  based  on  the 
measured  time  for  the  return  signal  of  the 
radar. 

DNMI  received,  on  tape  from  NOAA, 
USA,  processed  wave  data  covering  all  oceans 
for  the  period  of  March  1988.  These  data  are 
used  for  a  comparison  with  the  wave  model 
calculations  from  the  North  Sea,  Norwegian 
Sea  and  Barents  Sea.  From  Nansen  Remote 
Sensing  Center,  Bergen,  we  received  processed 
wind  and  wave  data  covering  the  NORCSEX 
experiment  area  which  we  used  for  comparison 
with  both  model  calculations  and  buoy 
measurements . 


3.  THE. DATA 

Before  the  comparison  the  data  from  the 
three  different  sources  has  been  cheOced  to 
remove  obvious  errors  from  the  data  sets. 

3.1  The  model  analysis 

The  observations  used  in  the  LAM50 
atmospheric  model  analysis  are  subject  to 
internal  chec):s  prior  to  the  analysis.  An 
additional  quality  control  is  performed  as  a 
part  of  the  analysis  scheme.  This  is  a  gross 
control  to  get  rid  of  observations  with 
obvious  errors.  Each  observed  parameter  is 
chec)ced  against  the  baclcground  field.  The 
deviations  from  the  bac)<ground  field  are  not 
allowed  to  extend  certain  rather  wide  limits. 

3.2  The  observati.Qns. 

The  processed  results  from  the  buoys 
is  of  variable  quality  and  contain  some 
obvious  errors.  First  part  of  the  quality 
control  is  to  introduce  maximum  and  minimum 
values.  As  a  baclcground  field  we  used  the 
model  analysis.  Reasonable  deviations  are 
allowed.  Especially  considering  the  wind 
observations  we  might  expect  variations  which 
is  not  captured  in  the  model. 

The  second  part  of  the  control  is  an 
evaluatio.n  of  the  gradients  i.n  the  measuicJ 
time  series.  For  significant  wave  height  we 
do  not  allow  greater  changes  than  1  m  pr. 
hour.  The  basic  effect  of  the  quality  control 
is  to  remove  great  spi)ces  from  the  series. 

The  quality  control  of  the  GEOSAT 
altimeter  data,  performed  before  the 
distribution,  is  described  in  NOAA  Technical 
Memorandum. 
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4.  PRESENTATION  AND  DISCUSSION  OF  RESULTS 

4.1  Wind 

First  we  will  compare  the  model 
analysis  with  buoy  measurements.  Fig. 4.1 
shows  a  scatter  diagram  for  station  2.  (map: 
fig.  2.1).  Tab. 4.1  is  a  table  showing  some 
statistical  parameters  comparing  the  two  data 
sets.  The  table  contain  the  following 
parameters: 

NUMBER:  Number  of  cases  compared. 

MEAN  1,2:  Mean  value  of  the  data,  number 

1,2  refering  to  the  head  line. 

BIAS:  Mean  value  of  the  difference: 

dataset  1  -  dataset  2. 

RMS:'  Root  mean  square  difference. 

SD:  Standard  deviation  of  the  differences. 

The  best  results  come  from  station  2 
where  the  root  mean  square  difference  is  2.6 
m/s,  but  the  analysed  winds  are  systematicly 
lower  than  the  buoy  winds.  The  results  for 
station  1  are  also  reasonable  with  an  rms- 
difference  equal  3.5  m/s.  But  here  the 
situation  is  changed  and  the  analysed  wind 
speeds  is  heigter  than  the  buoy  measurements. 

At  station  3  and  4  the  results  are 
poorer,  station  3  having  a  positive  bias  and 
station  4  having  a  negative  one. 

From  a  model  point  of  view  the  four 
stations  are  situated  close  to  each  other 
(ca.  60  -120  km).  If  the  differences  between 
the  model  and  the  buoy  results  were  caused  by 
a  systematic  bias  in  the  analysis,  we  could, 
on  the  average,  expect  to  find  very  simular 
difference  distributions.  But  since  this  is 
not  the  case,  we  assume  that  an  important 
part  of  the  differences  is  due  to  the  four 
independent  instruments  at  the  buoys.  The 
accuracy  of  the  wind  measuring  instruments 
are  for  the  Wavescan  buoys  stated  to  be  +/-4% 
(tab. 2.1).  This  is  probably  very  optemistic. 
An  interesting  experiment  would  be  to  deploy 
the  buoys  at  thf  same  location  at  the  same 
time  and  compare  tnc  wind  measurements. 

Now  we  will  study  the  GEOSAT 
altimeter  wind  measurements.  The  GEOSAT  near 
surface  wind  speed  is  processed  by  the  use  of 
the  smoothed  Brown  algorithm.  We  will  look  at 
the  situations  when  the  satellite  passed  over 
Haltenbanken  close  enough  to  be  compared  with 
measurements  from  one  of  the  four  buoys. 
Fig. 2. 2  shows  the  area  and  two  satellite 
ground  tracks.  When  part  of  the  track  passes 
through  one  of  the  squares  surounding  the 
stations  we  calculate  the  mean  value  of  the 
measurements  inside  that  square,  and  compare 
it  with  the  buoy  measurement  and  a  model 
analysis.  The  results  of  the  comparison  are 
shown  in  tab. 4. 2  and  on  the  scatter  diagrams 
in  fig. 4. 2.  The  number  of  cases  are  relativly 
small,  but  still,  the  results  seems  to  be 
quite  bad.  The  root  mean  square  difference  is 

5.1  m/s  compared  with  the  model  analysis  and 
5.9  m/s  compared  with  buoy  measurements.  The 
bias  is  positive  in  both  cases  showing  that 
the  altimeter  underestimate  the  wind,  but  a 
standard  deviation  of  the  errors  of  about  5 
to  6  m/s  indicate  small  chances  to  find 
systematic  errors.  Here  is  clearly  room  for 
improvements . 

4.2  Wave 

We  will  start  with  comparing  the 
model  analysis  and  the  buoy  measurements. 


Time  series  from  siation  1  and  2  are  shown  in 
fig. 4. 3.  It  seems  like  the  model  tend  to 
overestimate  the  small  and  normal  wave 
heights  and  underestimate  the  large  ones. 
This  is  confirmed  in  table  4.3.  The  meanvalue 
of  the  model  wave  height  is  0.4  m  above  the 
observed. 

To  compare  the  three  systems  together 
we  pick  out  observations  in  the  same  way  as 
for  the  wind.  Results  are  shown  in  tab. 4. 4 
compareing  buoy  and  altimeter  observations 
showing  good  agreement.  The  bias  is  close  to 
0,  and  the  root  mean  square  error  is  ca.  1  m. 

Comparing  satellite  results  with 
stationary  observations  has  the  limitation 
that  it  gives  few  number  of  cases.  This 
problem  is  removed  comparing  the  satellite 
results  with  results  from  a  model.  We  have 
compared  the  model  analysed  wave  heights  with 
the  altimeter  results  from  the  North  Sea, 
Norwegian  Sea  and  the  Barents  Sea  for  the 
hole  investigation  period. 

Looking  at  the  total  number  of  3614 
cases  we  can  see  the  results  of  the 
comparison  on  the  scatter  diagram  and  table 
of  fig. 4. 4  and  tab. 4. 5.  The  results  confirm 
what  we  found  comparing  the  data  from 
Haltenbanken.  According  to  the  altimeter  the 
wave  model  overestimate  the  significant  wave 
height.  The  bias  is  +0.6  and  rms  is  0.9. 


During  this  work  we  have  built  up  a 
system  for  evaluation  of  data  from  different 
kind  of  information  systems.  Field  data  in 
grid  and  of  regular  time  steps  are  compared 
with  in  situ  measurements  averaged  in  time 
and  with  satellite  data  averaged  in  space, 
both  types  in  irregular  time  intervals. 

The  main  object  of  the  data 
evaluation  is  to  prepare  for  assimilation  of 
satellite  sea  surface  data  in  numerical 
forcast  models.  The  altimeter  wind  data 
tested  in  this  study  are  to  bad  to  be  used 
for  this  purpouse.  The  evaluation  against 
buoy  measurements  show  that  the  model 
analysed  winds  are  already  far  more  reliable. 

The  altimeter  wave  results  we  have 
tested  shows,  not  surprisingly,  to  be  of  good 
quality.  Both  the  buoy  measured  and  the 
altimeter  wave  heights  indicate  that  the  wave 
model  overestimate  the  actual  wave  heights. 
This  leads  to  the  conclution  that  altimeter 
measurements  might  be  assimilated  in  the  wave 
model  with  a  positive  influence.  Such 
experiments  have  been  carried  out  several 
places  (Jansen  1988) . 

The  analysed  winds  are  interpolated 
from  lowest  pressure  level  in  the  model  to  10 
meter  above  sea  level.  The  altimeter  is 
measuring  the  sea  surface  roughness.  From  an 
assimilation  point  of  view  this  can  turn  out 
to  be  a  more  int«.resting  parameter.  The 
roughness  is  related  to  the  friction  wind  and 
from  this  the  actual  wind  is  derived.  To  do 
this  one  need  knowledge  about  the  boundary 
layer.  But  the  friction  wind  can  also  be 
directly  used  as  input  to  the  wave  model. 
This  aspect  is  even  more  interesting 
considering  the  ERS-1  scatterometer  sea 
surface  roughness  and  winds. 


MOnetr  ANALYSIS  HOOCL  AHALYtlS 
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ABSTRACT 

SAR  observations  taken  during  the  NORCSEX  '88 
experiment  were  specially  processed  to  Investigate  the 
distortion  of  ocean  wave  Imagery  caused  by  surface 
motion.  The  special  processing  Included  a  one- 
dimensional  spectral  analysis  to  obtain  the  azimuth 
cutoff  for  a  variety  of  R/V  ratios  and  surface  winds. 
Large  changes  In  surface  winds  were  available  (2  to  10 
m/s)  across  an  atmospheric  front.  The  rms  facet 
velocity  ffy  was  calculated  for  waves  traveling  In  the 
range  direction  for  which  the  velocity  bunching  Is 
small;  ay  2  0.2  to  0.3  m/s  for  C-band  resolution  of  10 
and  20  m  In  azimuth  and  ground  range.  Indeed,  these 
measurements  show  that  the  rms  facet  spatial  width  av 
varies  linearly  with  R/V  and  Is  Independent  of  surface 
wind  velocity  for  the  limited  data  analyzed.  The 
linear  dependence  with  R/V  Is  expected  while  the 
Independence  of  wind  velocity  Is  unexpected. 
Furthermore,  It  Is  suggested  that  the  relevant  spatial 
size  over  which  the  facet  velocities  contribute  to 
smearing  Is  the  degraded  radar  resolution  rather  than 
the  stationary  resolution. 


I.  INTRODUCTION 

Synthetic  aperture  radar  (SAR)  measurements  from 
both  spaceborne  and  airborne  platforms  have  been  used 
to  estimate  directional  wave  spectra  [Ref.  1-3] 
Including  the  peak  wavenumber  and  direction.  These  SAR 
measurements  are  In  agreement  with  surface  wave 
measurements  except  at  high  sea  states  and/or  short 
wavelengths  when  the  wave  spectrum  Is  sometimes 
distorted  with  the  ocean  wavenumber  vector  rotated 
toward  the  radar  range  direction.  The  radar  back- 
scattering  Is  given  by  the  two-scale  Bragg  scattering 
model.  This  model  means  that  the  backscattered  field 
cannot  be  represented  by  Individual  Infinitesimal 
scattering  sources  but  rather  by  the  resonant  return 
at  a  single  ocean  wavenumber.  The  smallest  area  over 
which  this  resonance  can  occur  Is  called  a  facet  which 
Is  small  compared  to  the  long  ocean  wavelength.  Long 
ocean  waves  are  Imaged  by  SAR  through  a  combination  of 
mechanisms.  Including  surface  slope,  surface 
roughness,,  and  surface  motion.  Fach  of  these 
mechanisms  can  be  described  by  a  linear  modulation 
transfer  function  over  a  limited  range  of  ocean/radar 
conditions.  This  linearity  allows  an  estimate  of  the 
directional  wave  spectrum  from  the  Image  spectra  in  a 
straight-forward  manner.  However,  It  Is  now  generally 
agreed  that  non-linearities  due  to  the  surface  motion 
[Ref.  4]  often  complicate  the  extraction  of  the 
wavehelght  spectrum. 


This  motion  can  be  characterized  as  degrading  the 
azimuth  resolution  due  to  two  effects;  (1)  non-linear 
mapping  of  the  resolution  cells'  positions,  and  (2) 
sub-resolution  smearing.  The  non-linear  mapping  Is 
caused  by  orbital  motion  of  waves  longer  than  the 
resolution  size  and  Is  usually  called  non-linear 
velocity  bunching.  The  smearing  Is  caused  by 
differential  random  facet  velocities  for  sizes  smaller 
than  the  resolution  cell.  Orbital  acceleration  of  the 
long  waves  has  been  shown  to  be  a  second  order  effect 
[Ref.  5]  under  most  conditions,  and  It  Is  not 
considered  here. 

The  airborne  C-band  SAR  observations  off  the 
Norwegian  coast  (NORCSEX  ’88)  during  March,  1988  are 
used  to  Investigate  these  motion  effects.  The  NORCSEX 
SAR  measurements  were  taken  over  a  variety  of  wind  and 
wave  conditions  with  surface  measurements  available  In 
the  same  area.  The  primary  motivation  for  this 
experiment  was  to  better  understand  the  capability  of 
C-band  SAR  In  detecting  ocean  surface  features.  This 
understanding  can  then  be  applied  to  the  spaceborne  C- 
band  SAR  scheduled  for  launch  on  the  European  Space 
Agency  spacecraft,  ERS-1,  The  NORCSEX  Imaging  radar 
measurements  were  taken  at  both  C-band  and  X-band  with 
multi-sided  flight  patterns  In  either  narrow  or  wide 
swath  mode.  Furthermore,  the  measurements  were 
processed  for  a  variety  of  range  to  platform 
velocities  (R/V  ratios)  across  the  radar  swath  width 
Including  the  near  range.  The  near  range  R/V  •  110  Is 
the  same  R/V  as  ERS-1. 

Beal  et.  al.  [Ref.  1]  reported  a  cutoff  linearly 
dependent  on  the  R/V  ratio  and  a  square  root 
dependence  on  Hi/j;  whereas  Alpers  and  Bruening  [Ref. 
5]  and  Tucker  [Ref.  6]  reported  a  surface  wind  speed 
dependence  under  certain  conditions  In  addition  to  the 
R/V  and  Hi/o  dependencies.  These  variations  were  based 
on  an  analytical  model  which  Is  a  function  of  the 
spread  In  radial  facet  velocities  within  a  radar 
resolution  cell.  They  did  not  include  a  non-linear 
velocity  bunching  dependence  since  no  analytical 
expression  Is  available. 

The  degraded  radar  resolution  can  be  studied  by 
special  processing  of  the  Images  Into  azimuth  spectra. 
This  processing  Includes  spectral  analysis.  Intensity 
normalization,  range  averaging,  and  a  system  Impulse 
correction.  The  resulting  spectra  are  displayed  as  a 
function  of  azimuth  wavenumber  from  which  the  spectral 
width  or  equivalently  the  high  wavenumber  cutoff  Is 
obtained.  This  width  Is  dependent  on  both  the  velocity 
bunching  and  velocity  smearing.  The  variation  of  this 
spectral  width  was  Investigated  as  a  function  of  two 
parameters:  R/V  ratio  and  the  surface  wind  speed. 
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II.  EXPERIMENT  DESCRIPTION 
NORCSEX  '88  was  a  carefully  planned  experiment 
containing  a  number  of  remote  sensing  and  In-situ 
Instruments.  The  remote  sensing  Instruments  Included 
the  Canadian  CV-580  aircraft  configured  with  a  dual 
wave-length  SAR  [Ref.  7],  altlmetrlc  overflights  using 
the  GEOSAT  spacecraft,  and  a  ship  mounted 
scatterometer.  The  surface  wind  and  wave  measurements 
we»‘e  acquired  from  four  pitch  and  roll  buoys  and  two 
research  ships.  The  aircraft  SAR  acquired  data  for  a 
total  of  28  hours  during  6  dedicated  days  between 
March  11  and  March  28,  1988  with  vertical  transmit  and 
receive  polarizations  and  a  seven-look  real-time 
digital  processor.  During  NORCSEX,  gravity  waves 
varied  In  wavehelght  from  1  to  10  m  with  typical 
heights  from  2  to  4m  and  wavelength  of  150  to  300  m. 
The  wind  varied  from  0  to  25  m/s.  The  radar  operated 
In  two  modes:  (1)  narrow  swath  with  a  range  width  of 
16.4  km,  and  (2)  wide  swath  with  a  width  of  63  km.  The 
measurements  of  Interest  In  the  present  work  were 
primarily  observed  In  the  wide  swath  mode.  The  multi- 
look  radar  resolution  Is  5.6  m  by  6  m  In  slant  range 
and  azimuth  In  the  narrow  mode  and  20  m  by  10  m  ground 
range  and  azimuth  In  the  wide  mode.  The  radar  signals 
are  digitally  recorded  with  4096  range  cells  for  each 
mode. 


<Sc(kx)>  =  Akx-“  (3) 

where  <Sc(kx)>  Is  the  corrected  power  spectral  density, 
a  Is  the  power- law  spectral  Index,  and  the  brackets  O 
Indicate  range  averaging.  The  correction  Is  required 
since  the  Intensity  spectrum  Includes  an  Inherent 
wavenumber  decrease  due  to  the  radar  system  Impulse 
response.  The  Impulse  response  was  based  on  a  least 
square  fit  to  a  Gaussian  function  using  a  processing 
area  over  land.  The  flat  spectral  noise  floor  for  kx  > 
kp  Illustrates  that  the  correction  has  been  applied 
correctly.  The  spectral  width  (oi^)  and  power-law  Index 
(a)  were  scaled  from  the  Intensity  spectra. 

IV.  RESULTS 

The  analysis  method  described  above  allows  estimates 
of  the  spectral  width  and  spectral  slope  (a)  for 
a  variety  of  radar  and  ocean  conditions  during  the 
NORCSEX  experiment.  In  order  to  Interpret  the  measured 
spectral  shape, the  relationship  between  the  power 
spectrum  of  the  ocean  wavehelght  <Sw(kx)>  and  the 
corrected  Intensity  <S(.(kx)>  based  on  a  linear  transfer 
function  [Ref.l]  Is  given  by, 

<Sc(kx)>  =  W>  |F(kx)  |2  IRb(kx)  |2  <Sw(kx)> 

(4) 


III.  DATA  ANALYSIS 

The  SAR  digital  tapes  were  furnished  by  the  Canadian 
Centre  for  Remote  Sensing.  The  Image  Intensity  spectra 
and  the  azimuth  scans  of  these  spectra  were  processed 
at  the  Environmental  Research  Institute  of  Michigan. 
The  one-dimensional  azimuth  spectra  were  obtained  by 
averaging  64  range  pixels  selected  near  the  peak 
wavenumber.  The  SAR  Image  spectra  were  calculated  from 
512  X  512  samples  (pixels).  The  spatial  sampling  Is 
15.7  m  In  ground  range  and  6.22  m  In  azimuth  and  the 
analysis  area  Is  4.019  km  by  1.592  km.  Therefore  the 
Nyquist  wavenumbers  are  .200  rad/m  and  0.505  rad/m  In 
ground  range  and  azimuth.  All  parameters  are  for  the 
wide  mode  unless  otherwise  Indicated. 

The  azimuth  spectra  were  obtained  by:  first 
normalizing  the  Image  Intensity  by  calculating  Its 
zero  mean  divided  by  Its  mean,  (I-<I»/<I>,  secondly, 
performing  the  range  averaging,  and  thirdly, 
correcting  for  the  Impulse  response  of  the  radar.  The 
resulting  azimuth  spectra  were  plotted  on  both  semi- 
log  and  log-log  coordinates.  Figure  1  Illustrates  the 
semi-log  variation  for  the  near  and  far  edge  of  the 
swath.  The  spectra  are  described  by  a  low  wavenumber 
constant  response  out  to  a  break  point  (k^^l^O.OlS 
rad/m  and  <r^  2:0.025  rad,'-!  for  the  far  and  near  range, 
respectively)  followed  oy  a  spectral  decrease  out  to 
another  break  point  (k|jp:0.03-0.06  rad/m)  followed  by  a 
high  wavenumber  noise  floor.  This  Is  a  typical 
response  which  can  be  represented  by  a  Gaussian  low- 
pass  filter  F(kx)  for  kx  <  kp. 

(1) 


|F{kx)  |2  =  exp(-kx2/ffk2  )_ 


where  o-^  =  I/ctx  =  (V/R)/o-y  Is  the  rms  spectral  width, 
(Zx  Is  the  rms  spatial  width.  The  width  Cy  Is  the  rms 
radial  facet  velocity  within  a  degraded  resolution 
cell  given  by,  ^ 

/r  2  =  f  A'i  s.ynl  n2  nn  (2) 

.  y  -  .r/  -n'--'  ••  — •  '  ' 

‘‘SAR 

where  Sw{n)  Is  the  one-diraenslonal  wavehelght 
spectrum,  Ilsar  “(9  kcaf)  ,  kjay  Is  the  Inverse 
azimuth  resolution  of  the  SAR,  and  G  Is  the  geometric 
factor  given  In  equation  (6).  The  spectral  decrease 
over  a  limited  wavenumber  range,  c>\  <  ky  <  k^,  can  be 
approximated  by  a  straight  line  on  a  log-log  plot  from 
which  one  can  fit  a  power-law  slope. 


where  Is  the  radar  cross  section  F(kx)  Is  the 
velocity  smearing  filter  given  by  equation  (1),  and 
Rb(kx)  Is  the  velocity  bunching  transfer  function, 

|Rb(kx)  =  (R/V)2g  kx^  G2(fl,^)  (5) 

where  (f>  Is  the  azimuth  angle,  sin  (p  =  ky/k,  6  Is  tlie 
angle  of  Incidence,  g  Is  the  acceleration  of  gravity 
and  the  geometric  factor  (i^{0,(p)  is, 

g2(0,^)  =  cos20  +  s\n^e  s1n2  p.  (6) 

The  analysis  was  separated  into  two  parts  In  order  to 
study  the  variation  of  and  a  with  radar  and  ocean 
parameters. 

First,  we  selected  an  example  when  a  single  ocean 
wave  system  was  traveling  In  the  range  direction,  p  :: 
t/2.  This  criteria  constrains  the  velocity  bunching  to 
a  linear  region.  Three  different  processing  areas 
within  the  swath  were  selected  for  analysis  centered 
along  a  line  perpendicular  to  the  flight  path  with  a 
wide  variation  In  the  R/V  ratio.  The  R/V  values  were 
taken  at  the  center  of  these  areas,  designated  near, 
mid,  and  far  range. 

The  spectral  parameters  for  these  three  areas  are 
given  In  Table  I.  The  near  and  far  range  spectra  were 
given  In  Fig.  1.  The  wave  conditions  were  moderate 
with  a  southerly' traveling  wave  system  and  a  light 
wind  from  the  south,  Hi/j  c:  2  m,  U  2;  2  m/s,  and  a 
dominant  wavelength  of  about  180  m.  C[jap  Is  a  velocity 
bunching  parameter  describing  the  degree  of  the  non¬ 
linearity  [Ref.  8].  Linear  velocity  bunching  Is 
associated  with  c^apS  0.3.  The  March  14  pass  4 
observations  at  near,  mid,  and  far  ranges  are  In  the 
linear  range  based  on  the  above  criteria,  see  Table  I. 
The  ffy  and  a  values  were  calculated  using  a  regression 
analysis  Heast  square  fit)  between  equation  (1)  and 
equation  (3)  and  the  corrected  spectral  data  oolnts. 

The  correlation  coefficient  (R)  Isa  measure  of  the 
goodness  of  fit.  It  has  a  range  from  0  to  1  with  1 
Indicating  a  perfect  fit.  This  regression  analysis 
resulted  In  R  >  0.97  for  all  cases.  This  Indicates  an 
good  fit  to  both  the  Gaussian  and  power-law  functions 
over  the  available  wavenumber  range. 

The  results  given  In  Table  I  show  several  Interesting 
features.  First,  the  spectral  Index  a  varies  with  R/V 
such  that  a  flatter  spectra  correspond  to  the  larger 
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R/V  values.  The  wavehelght  spectrum  of  the  form  Sy,(kx) 

=  B  V.y^"P  Is  assumed.  This  wavehelght  form  Implies  that 
a  =  3  -  /J,  based  on  equation  (4)  where  pti  Z.5  -  4.0 
[Ref.  9].  Therefore  the  flat  spectra  a  -  1.0  at  the 
far  range  (see  Table  I)  tend  to  be  consistent  with  a 
power-law  slope  based  on  linear  velocity  bunching. 
Secondly,  the  rms  velocity  o-y  shows  a  small  decrease 
with  Increasing  R/V.  The  o-y  values  based  on  equation 
(2)  are  Independent  of  R/V  provided  that,  (1)  the 
geometric  factor  (j(0,<p)  and  the  wave  spectra  do  not 
change  across  the  swath  width,  (2)  the  rms  facet 
velocity  controls  the  spectral  shape,  and  (3)  bunching 
non-linearities  are  negligible  across  the  swath  width. 
The  geometric  factor  Is  G  ::  1  over  the  swath  width 
since  (p  =;  w/2,  and  the  non-linearities  due  to  velocity 
bunching  are  thought  not  to  bias  Cy  since  c^^v.  <  0.3. 

The  relative  Importance  of  three  factors:  tne 
azimuth  cutoff,  non-linear  velocity  bunching,  and  the 
wave  height  spectrum  In  forming  the  spectral  width  Is 
an  area  we  confront.  Velocity  smearing  causes  a  steeper 
azimuth  spectral  decrease  than  velocity  bunching.  This 
dependence  Is  shown  using  eq.  (4)  where  |Rh <$„>  s 
Bkx"^  (for  kv  >  kp  cos  p)  changes  slowly  with  k^ 
compared  to  |F|2  since  Rk  <Syy>  reaches  Its  maximum 
at  kx  =  kp  cos  p  and  2  kp  cos  p  where  kp  Is  the 
peak  wave  number  In  the  ocean  wave  spectrum. 

Indeed,  a  linear  dependence  of  o-^  on  R/V  Is  one 
Important  Indicator  that  the  azimuth  filtering  Is  the 
dominant  factor  of  the  three.  Therefore  a  linear 
regression  analysis  was  performed  on  the  three 
values  of  Table  I  resulting  In  slope  estimate  of  Oy  = 
0.25  m/s  and  R  =  0.82  which  Includes  the  condition, 

=  0  at  R/V  =  0.  The  flatness  of  the  power-law  slope  at 
the  far  range  suggests  that  the  wavehelght  spectrum 
may  not  be  Important  In  determining  the  observed 
spectral  width  whereas  the  correlation  coefficient  R  » 
.82  suggests  that  the  filtering  Is  the  dominant  factor 
in  determining  the  observed  spectral  width.  Additional 
quantitative  measurements  similar  to  those  given  above 
are  needed  to  further  Investigate  the  relative 
importance  of  factors  responsible  for  the  spectral 
width.  In  the  present  work,  the  velocity  smearing  Is 
assumed  to  be  the  only  factor  Influencing  the  spectral 
width  when  ct,ar  <  0-3. 

Second,  we  selected  an  ocean  region  where  an 
atmospheric  front  was  clearly  visible.  These  fronts 
appear  as  bright  and  dark  background  areas  In  the  SAR 
Imagery.  The  March  17  pass  4  radar  measurements  at 
0930  UT  were  selected  because  of  the  available  surface 
truth  across  the  front;  namely,  ship  and  buoy 
measurements  of  winds  and  waves.  The  front  boundary 
was  located  along  a  North-South  line  with  the  higher 
winds  to  the  west  with  the  front  moving  from  west  to 
east.  The  surface  wind  changed  from  about  2  to  10  m/s 
across  the  front  at  about  1100  UT  based  on  the  ship 
measurements  at  a  height  of  14  m  whereas  the  buoy  was 
located  about  60  km  to  the  east  of  the  SAR  measurements. 
The  buoy  measurements  show  the  front  passing  the  buoy 
sometime  between  1200  and  1500  UT  since  these 
measurements  were  taken  at  three  hour  Intervals.  The 
1500  spectrum  shows  a  wind  driven  spectrum  with  a 
wider  angular  spread  and  high  frequency  components  for 
Hj/S  c:  3.4  m,  whereas  the  1200  spectra  show  a  single 


peaked  narrow  spectrum  (ocean  wave  swell)  with  H1/3  s: 

2.0  m  and  the  high  frequency  component  dissipated  due 
to  the  decrease  In  wind  velocity,  as  shown  In  F1qu>e 
2.  Ihe  radar  cross  section  change  Is  approximately  10 
dB.  Figure  3  shows  the  spatial  Intensity  variation  or 
equivalently  the  radar  cross  section  change  across  a 
scan  perpendicular  to  the  front.  This  radar  scan, 
given  In  Fig.  3,  was  selected  at  the  ships'  intersection 
with  the  front,  scans  at  the  radar  processing  areas 
are  within  about  20  km  of  the  ship  measurements.  They 
show  a  similar  radar  cross  sectional  variation.  Fronts 


are  visible  due  to  changes  In  the  radar  cross  section 
which  responds  almost  Instantaneously  to  the  local 
wind  since  the  Bragg  wavenumber  Is  ks  a  ZK/Scm  at  C- 
band.  The  SAR  processing  areas  were  each  selected 
approximately  5  km  from  the  front  boundary. 

The  Images  were  processed  using  the  same  procedure 
as  In  the  first  example.  It  was  not  possible  to  obtain 
512  X  512  processing  areas  with  the  same  R/V  ratios  on 
both  sides  of  the  front  and  still  maintain  the  criteria 
of  range  traveling  ocean  waves.  Several  additional 
problems  were  encountered  In  processing:  (1)  changes 
In  the  wave  direction  across  the  front  can  bias  the 
spectral  width  unless  care  is  taken  in  the  analysis, 
and  (2)  the  closeness  of  the  processing  area  to  the 
front  boundary  can  bias  the  measurements.  The  front 
analyzed  here  Is  both  an  atmospheric  front  and  an 
ocean  front  since  the  long  waves  propagating  through 
the  front  change  direction  at  the  boundary.  This 
change  In  direction  Is  shown  in  the  two-dimensional 
spectral  plot  of  Figure  4.  The  spectral  contour 
interval  Is  2  dB  with  a  full  range  of  10  dB.  The 
concentric  circles  correspond  to  wavelengths  from  100 
to  500  m.  The  change  In  direction  Is  clearly  shown 
with  the  waves  traveling  more  nearly  In  range.  The 
azimuth  cutoff  Is  most  visible  here  and  the  high 
(ground-range)  wavenumber  spectral  density  more 
noticeable  In  the  bright  area  (high  wind  region)  than 
the  dark  region  (low  wind  region). 

The  spectral  parameters  given  In  Table  II  for  the 
atmospheric  front  show  several  Interesting  features. 
First,  and  most  Important,  the  observed  spectral  width 
shows  little  or  no  variation  with  surface  winds.  The 
wind  varied  between  2  and  10  m/s  across  the  front. 
Indeed,  a  linear  regression  analysis  using  the  same 
procedure  as  for  the  March  14  data  was  accomplished 
for  the  four  o-y  values  In  Table  II.  The  slope  estimate 
Is  ffy  -  0.30  m/s  and  the  goodness  of  fit  Is  R=>  0.96 
resulting  In  a  better  linear  dependence  on  R/V  than 
the  March  14  example. 

The  analysis  shows  that  velocity  smearing  cry  k  0.30 
ro/s  Is  Independent  of  the  surface  wind  speed  for  the 
C-band  SAR  measurements  based  on  an  azimuth  resolution 
of  10  m  and  =  (R/V)  cry.  An  estimate  of  cry  Is  required 
for  numerical  modeling  of  moving  ocean  waves  [Ref. 

103.  The  velocity  smearing  cry  can  be  extrapolated  to 
the  resolution  of  the  ERS-1  SAR  under  certain 
conditions.  The  resolution  area  was  assumed  equal  In 
azimuth  and  range  with  a  square  root  dependence  on 
resolution  [Ref.  5].  The  resulting  ERS-1  velocity 
smearing  Is  Cy  a  0.5  m/s  and  the  spatial  smearing  In 
(Tx  -  55  m. 

V,  CONCLUSIONS 

Special  processing  of  SAR  measurements  has  provided 
quantitative  Information  on  distortions  In  wave  Images 
due  to  ocean  wave  motion.  The  two  mechanisms  which 
cause  these  distortions  can  be  quantified  provided  care 
Is  taken  In  selecting  the  radar/ocean  conditions  when 
these  mechanisms  are  well  understood.  The  physical 
processes  underlying  these  distortions  are  (1)  the 
spread  In  the  radial  facet  velocities  within  a  radar 
resolution  cell,  and  (2)  non-linear  velocity  bunching. 
The  SAR  measurements  selected  for  analysis  were 
restricted  to  cases  when  the  ocean  waves  were  traveling 
In  or  near  the  range  direction.  Range  traveling  ocean 
waves  mean  that  velocity  bunching  Is  small.  The 
azimuth  spectra  could  theri  be  aualyzed  quauliLaLively 
In  terms  of  the  remaining  distortion  mechanism, 
velocity  smearing.  This  distortion  Is  used  to  extract 
the  rms  radial  facet  velocities  by  measuring  the 
spectral  width  for  a  range  of  radar/ocean  parameters. 

The  linear  dependence  of  spectral  width  with  R/V  Is 
evidence  that  the  velocity  smearing  Is  the  only  factor 
Influencing  the  spectral  width.  The  special  processing 
and  analysis  shows  that  the  spectral  width  Is 
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Independent  of,  or  In  the  worst  case  only  weakly 
dependent  on,  the  surface  wind  speed.  This  Inference 
was  based  on  measurements  across  an  atmospheric  front 
where  the  wind  from  one  side  of  the  front  to  the  other 
changed  from  2  to  10  m/s.  The  rms  facet  velocities 
Inferred  from  all  the  measurements  In  the  present  work 
varied  between  <7y  k  0.25  to  0.3  m/s.  The  buoy  wave 
measurements  are  In  agreement  with  the  SAR  measurements 
analyzed  In  the  present  work. 

The  relevant  spatial  scale  which  enters  Into  the 
velocity  smearing  Is  the  degraded  radar  resolution 
cell  size  rather  than  the  stationary  resolution  given 
by  others  [Ref.  4-6].  The  degraded  cell  size  Is 
appropriate  because:  First,  this  scale  Is  consistent 

with  the  measurements  reported  here;  namely,  the  short 
Bragg  waves  respond  quickly  to  changes  In  the  surface 
wind  whereas  the  velocity  smearing  Is  Independent  of 
wind.  This  suggests  the  scale  that  contributes  to  the 
smearing  Is  probably  larger  than  the  stationary 
resolution  of  10  m,  say  50  to  100  m.  Indeed,  this 
Independence  of  wind  Implies  a  large  resolution,  since 
the  short  waves,  the  order  of  10  m,  are  dissipated 
when  the  wind  changed  from  10  m/s  to  2  m/s,  (Fig  2). 
Second,  the  radar  obtains  Its  coherence  and  resolution 
by  locating  adjacent  resolution  cells  relative  to  each 
other  along  the  flight  direction.  Imaging  radars  are 
coherent  In  terms  of  locating  adjacent  cells  only  over 
a  cell  size  given  by  the  degraded  resolution  not  the 
stationary  resolution.  Furthermore,  the  underlying 
physical  process (es)  and  the  details  of  how  facet 
velocities  enter  Into  the  azimuth  smearing  Is  not  yet 
well  understood.  Addition  work  Is  needed  to  better 
understand  how  the  facet  velocity  smearing  enters  Into 
the  SAR  Imaging  of  ocean  waves. 
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7ABLC  I,  NORCSEX  ftadir  ParaiMlers  Near,  H!d,  and  far  Ranges 
14  Kerch  1968  Pass  4 


Range 

Incidence 
Angle. 9 

Azimuth* 
Angle. 4 

R/V 

(Sec) 

P-L 

Slope 

(rad)«) 

(»/rad) 

Oy 

m) 

^bar 

Near 

6S 

84 

113 

2.7 

0,027 

37 

0.32 

0.21 

Hid 

76 

84 

196 

1.7 

0.019 

52 

0.27 

0.23 

Far 

8D 

84 

286 

0.9 

0.016 

62 

0.23 

0.31 

•Values  based  on  SAR  spectral  peak  direction 


TABLE  II.  NORCSEX  Radar  Parameters  across  Atiiospherlc  k-ront 
17  March  1988  Pass  4 

Processed  Data  Area  1 


a 


Wind 

Incidence 
Angle. D 

Azimuth* 

Angle. 

R/V 

iSecl 

P-l 

Slope 

(rad).) 

<^x 

tjy 

(p/s) 

^bar 

High 

72 

-83 

168 

0.55 

0.021 

48 

0.28 

0.19 

Low 

59 

58 

100 

1.32 

0.030 

33 

0.30 

0.25 

processed  Data  Area  2 

High 

73 

-60 

184 

2.10 

0,018 

56 

0.30 

0.35 

Low 

64 

57 

120 

2.60 

0.026 

38 

0.32 

0.28 

•Values  based  on  SAR  spectral  peak  direction 
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Figure  1.  One-Dimensional  Spectral  Density  for  Near 
(a)  and  Far  (b)  edge  of  the  Radar  Swath 
Width 
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Two-Dimensional  P/R  Buoy  Spectra  on  17  March 
at  1200  UT  (low  wind)  and  1500  UT  (high 
wind)  acquired  at  64.1*  North,  7.3*  Cast 
about  60  km  East  of  the  SAR  Observation 


taken  at  0930  UT.  The  Arrow  Indicates  Wind 
Direction  and  the  Concentric  Circles  Represent 
Wave  Frequencies  at  0.05,  0.1,  0.2,  and  0,6 
Hz.  The  Winds  Changed  from  U  (3.7)  ■■  3.3 
m/s  at  1200  to  11.3  m/s  at  1500  While  the 
Dominant  Wave  Period  was  11  Seconds  at 
Both  Times 


Figure  3.  One-Olmenslonal  Intensity  Variation  Across 
the  Atmospheric  Front  on  17  March  1988 
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WAVE  MEASUREMENTS  ON  HALTENBANKEN  DURING  NORCSEX'SB: 
An  Inteccomparison  of  Buoy,  SAR  and  Altlaeter  Data 
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ABSTRACT 

Results  of  an  analysis  of  simultaneous  mea¬ 
surements  of  ocean  waves  from  directional  wave 
buoys,  the  Canada  Centre  for  Remote  Sensing  air¬ 
borne  SAR  and  the  CF.OSAT  radar  altimeter  during 
the  NORCSEX'88  ERS-1  pre-launch  experiment  on  flal- 
tenbanken  in  March  1988  are  presented.  The  method 
suggested  by  Honaldo  and  Lyzenga  (1986)  for  esti¬ 
mating  wave  height  spectra  from  SAR  images  has 
been  tested  on  the  airborne  SAR  data  for  a  case 
with  a  complicated  wave  field.  The  significant 
wave  height  estimates  derived  from  the  SAR  spectra 
were  compared  with  wave  height  estimates  from  the 
buoy  and  the  altimeter.  Comparisons  of  the  direc¬ 
tional  spectra  computed  from  the  buoy  and  the  SAR 
data  are  also  presented. 

Keywords:  SAR,  Directional  Wave  Spectra,  Signifi¬ 
cant  Wave  Height,  NORCSEX'88,  WAVESCAN.  GEOSAT, 
Altimeter. 

INTRODUCTION 

The  Norwegian  Continental  Shelf  Experiment 
(NORCSEX  '88)  took  place  on  Haltenbanken,  off  the 
coast  of  Norway  during  Harch/Aprll  1988.  The  ex¬ 
periment  was  carried  out  to  gain  increased  know¬ 
ledge  about  the  use  of  microwave  remote  sensing 
instruments,  especially  Synthetic  Aperture  Radar 
(SAR),  for  monitoring  the  marine  environment,  as 
part  of  Norwegian  preparations  for  the  ERS-l  mis¬ 
sion. 
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During  the  period  March  11th  to  21st,  six 
flights  with  the  Canada  Centre  for  Remote  Sensing 
C/X-band  SAR  were  carried  out  in  the  Haltenbanken 
region.  The  flights  were  dedicated  to  different 
investigations,  depending  on  the  wind/wave  condi¬ 
tions  encountered  for  each  flight.  These  were 
monitored  by  the  R/V  "HAkon  Mosby"  from  the  Uni¬ 
versity  of  Bergen,  and  4  directional  wave  measu¬ 
ring  buoys  deployed  by  OCEANOR.  Also,  GEOSAT  alti¬ 
meter  data  were  acquired  in  near  real  time  for  the 
duration  of  the  experiment. 

On  two  flights,  March  11th  and  20th,  condi¬ 
tions  were  suitable  for  wave  studies.  This  paper 
presents  some  of  the  SAR  measurements  from  March 
11th,  and  the  entire  NORCSEX  GEOSAT  data  set. 
These  are  compared  with  relevant  buoy  obser¬ 
vations.  Further  details  may  be  found  in  [1]  and 
12). 

BUOY  MEASUREMENTS 

Four  directional  wave  metocean  data  buoys  were 
moored  in  the  Haltenbanken  area  during  NORCSEX'88. 
Fig.  1  shows  the  locations  of  the  buoys  which  were 
situated  at  cross-over  points  of  the  GEOSAT  ground 
tracks.  A  WAVESCAN  buoy  was  located  at  Station  1 
whilst  NORWAVE  buoys  were  positioned  at  the  other 
stations.  Each  buoy  measured  the  directional  wave 
spectrum  in  addition  to  wind  speed,  direction,  air 
and  sea  temperature  and  air  pressure.  Data  were 
stored  on  magnetic  tapes  on  board  and  a  data  sum¬ 
mary  consisting  of  wave  and  meteorological  parame¬ 
ters  was  transmitted  by  satellite  to  land  in  real 
time.  Both  buoy  systems  were  extensively  tested 
during  extreme  and  moderate  sea  states  in  WADIC 
(Wave  Direction  Calibration  Project)  and  compre¬ 
hensive  comparisons  of  directional  wave  spectra 
and  parameters  are  available  referenced  to  an 
array  of  instrumentation  on  a  fixed  offshore  plat¬ 
form  (see  ref.  3). 

The  analysis  of  the  buoy  data  is  described  in 
(2).  Time  series  of  significant  wave  height,  HmO, 
and  peak  wave  period,  T  ,  are  shown  in  Fig.  2.  A 
good  range  of  wave  heights  was  experienced;  seve¬ 
ral  storm  events  can  be  Identified  and.  in  additi¬ 
on,  long  period  swells  dominated  during  23rd-25th 
March.  Strong  spatial  variability  in  the  wave 
field  in  the  area  is  also  apparent,  particularly 
during  the  storm  on  19th  March,  as  a  result  prima¬ 
rily  of  large  variations  in  fetch  between  stations 
for  certain  wave  directions.  For  much  of  the  ex¬ 
periment  wave  conditions  were  complex  with  cros¬ 
sing  wave  systems  particularly  during  the  SAR  com¬ 
parison  period  on  11th  March  when  trimodal  condi¬ 
tions  occurred. 
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a)  Significant  wave  height  (m) 


Fig.  2  Time  series  of  a)significant  wave  height, 
HmO,  and  b)peak  wave  period,  T  ,  during 
NORCSEX'88. 

GBOSAT  MEASUREMENTS 

The  GEOSAT  altimeter  estimates  of  significant 
wave  height  were  derived  by  NOAA  from  computations 
on  board  the  satellite  every  second.  These  values 
were  subsequently  corrected  for  satellite  attitude 
and  averaged  to  give  10-second  mean  values.  The 
wind  speed  data  were  computed  using  the  Brown  al¬ 
gorithm  (4|.  An  example  of  data  from  one  pass  du¬ 
ring  NORCSEX'88  is  shown  in  Fig.  3.  The  length  of 
the  line  above  the  ground  track  is  proportional  to 
the  wave  height  and  similarly  below  the  line  to 
the  wind  speed. 

A  comparison  of  GEOSAT  and  buoy  derived  esti¬ 
mates  of  significant  wave  height,  HmO,  and  wind 
speed  (referenced  to  10  ra)  is  shown  in  Figs.  4  and 
5.  The  criteria  used  for  simultaneous  data  was 
that  the  distance  from  the  ground  track  to  the 
buoy  is  less  than  50  km  and  that  the  two  estimates 
are  separated  in  time  by  less  than  1.5  hours.  The 
buoy  estimate  nearest  in  time  to  the  GEOSAT  mea¬ 
surement  is  used  except  for  the  pass  at  the  storm 
peak  on  11th  March.  Here,  as  the  GEOSAT  pass  oc¬ 
curred  approximately  midway  between  two  buoy  mea¬ 
surements  and  as  conditions  were  strongly  non-sta- 
tionary  we  have  used  a  linearly  interpolated  buoy 
estimate  (see  Fig.  7). 

All  the  GEOSAT  estimates  on  each  pass  satisfy¬ 
ing  the  simultaneity  criteria  are  included  on  the 
plots  so  that  we  also  get  an  idea  of  the  spatial 
variability  along  the  track. 

Ve  note  that  for  HmO  there  is  a  trend  for 
GEOSAT  to  underestimate  wave  heights  particularly 
for  the  higher  sea  states.  The  largest  outliers 
are  mostly  measurements  made  close  to  the  coast, 
and  if  ve  omit  these  points  the  mean  difference  is 
0.45  m  with  rms  difference  of  0.48  m.  Similar  re¬ 
sults  were  found  in  [5]  from  a  larger  data  set 
based  on  the  NDBC  buoy  network.  A  mean  difference 
of  0.36  m  and  a  rms  difference  of  0.49  m  was 

found  in  that  atiidy,  Ilnoprtainty  ig  hi0hBQr  for 
the  high  sea  states  as  there  is  few  data  availabe. 
It  was  found  in  (3J  that  several  wave  buoys  under¬ 
estimate  significant  wave  height  in  high  seas.  The 
accuracy  of  the  NDBC  buoys  in  high  sea  states 
would  not  seem  to  be  well  known.  A  comparison  re¬ 
lative  to  one  of  the  buoys  tested  in  [3]  would 
certainly  be  valuable  in  comparing  results  from 
the  US  with  the  work  now  being  undertaken  in 
Norway. 


The  wind  speed  comparison  (Fig.  5)  shows  a  lot 
of  scatter,  with  a  mean  difference  of  0.8  m/s  and 
rms  difference  of  3.5.  The  tendency  for  GEOSAT  to 
overestimate  at  low  speeds  and  to  underestimate  at 
high  speeds  found  in  15)  is  also  apparent  in  the 
present  data  set.  Further  work  on  the  accuracy  of 
the  buoy  wind  measurements  is  ongoing. 

SAR  MEASUREMENTS 

On  March  11th,  seven  flight  passes  with  the 
CCRS  C/X  SAR  system  were  made  over  the  moored  di¬ 
rectional  wave  buoy  at  station  1.  Four  passes  were 
at  approx.  20.000  ft,  while  three  were  repeated  at 
approx.  12.000  ft.  The  SAR  imagery  was  acquired  in 
Nadir  Node  (see  [6]  for  a  detailed  system  descrip¬ 
tion).  The  lines  were  designed  to  obtain  azimuth 
travelling  and  range  travelling  waves,  with  addi¬ 
tional  passes  imaging  waves  travelling  at  45®  re¬ 
lative  to  the  aircraft  ground  track.  As  may  be 
seen  in  Fig.  6,  the  sea  state  was  very  complex 
with  three  dominant  peaks  indicating  waves  propa¬ 
gating  towards  south,  southeast  and  east.  Ve  did 
not,  therefore,  obtain  flight  lines  with  purely 
azimuth  or  range  travelling  waves.  However,  for 
most  flight  lines  the  two-dimensional  image  spec¬ 
tra  (Fig.  6)  indicate  both  near  range  and  near 
azimuth  travelling  waves. 

In  order  to  compare  directional  spectra  esti¬ 
mates  from  the  directional  wave  buoy  with  SAR 
image  s,ectra,  the  procedure  outlined  in  [2]  was 
followed.  Imagery  centred  on  the  buoy  position  was 
slant-to-ground  range  corrected  before  further 
analysis.  In  order  to  acquire  reliable  spectral 
estimates,  15  FFTs  from  blocks  of  512x512  pixels 
were  computed,  each  taken  at  the  same  ground 
range,  and  subsequently  averaged  to  form  one  image 
spectral  estimate.  As  the  airborne  SAR  is  a  rela¬ 
tively  slow  moving  line  scanner,  the  images  and 
their  spectra  suffer  from  so-called  scanning  dis¬ 
tortion.  As  the  ambiguity  in  the  image  spectra 
leads  to  some  problems  in  correcting  for  this,  it 
is  easier  to  distort  the  buoy  spectrum  in  order  to 
compare  with  the  SAR  image  spectrum  (see  [7]).  In 
our  comparisons  the  buoy  spectra  were  made  symme¬ 
tric  and  ambiguous,  to  simulate  an  "idealized 
image  spectrum".  In  order  to  obtain  spectra  acqui¬ 
red  at  incidence  angles  similar  to  previous  expe¬ 
riments  (SEASAT,  SIR-B),  the  sub-images  were  ex¬ 
tracted  in  the  20-40°  incidence  angle  range,  with 
an  R/V  ratio  of  65  s  and  28  s  for  the  high  and  low 
altitude  passes  respectively.  The  SAR  image  spec- 


Pig.  3  GEOSAT  altimeter  ground  track  early  on 
11th  March.  Vertical  lines  represent  al¬ 
timeter  significant  wave  height  estimates 
(up)  and  for  wind  estimates  (down).  The 
location  of  station  1  is  also  shown. 
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Fig.  4  Scatter  plots  of  sign'ificanc  vave  height 
(u)  from  the  GEOSAT  altimeter  vs.  In-sltu 
buoy  estimates. 
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Fig.  5  Scatter  plot  of  wind  speed  estimate  (m/s) 
(Brown  algorithm)  from  GEOSAT  vs.  in-situ 
buoy  measurements. 

tra  and  corresponding  scan-distorted  VAVESCAN 
spectra  are  shown  in  Fig.  6.  Circles  indicate  100, 
200  and  400  m  (inner  circle)  wavelengths.  The  SAR 
spectra  are  compared  with  the  buoy  spectra  mea¬ 
sured  closest  in  time  to  the  overflights,  12.00 
GHT  for  the  high  altitude  passes  and  15.00  GHT  for 
the  low  altitude  passes.  At  present,  only  visual 
comparisons  have  been  made.  The  most  dominant  fea¬ 
tures  of  the  VAVESCAN  spectra  are  generally  well 
represented  in  the  SAR  spectra,  although  to  vary¬ 
ing  degrees  in  the  different  passes.  There  is  de¬ 
finitely  an  K/V  dependence  in  the  azimuth  vave  nu¬ 
mber  response,  although  no  comparisons  with  exi¬ 
sting  models  have  been  made  as  yet. 

APPLICATION  OP  SAR  TRANSFER  FUNCTIONS 
Various  models  describing  the  response  of  a 
SAR  to  an  ocean  surface  vave  field  ace  available, 
see  e.g.  (8)  to  [11].  A  practical  method  for  ob¬ 
taining  "calibrated"  wave  height  sp2ctra  by  esti¬ 
mating  speckle  noise  variance  and  applying  a  Modu¬ 
lation  Transfer  Function  (MTF)  correction  based  on 


in  [12]  (in  the  following  referred  to  as  the  APL 
procedure).  If  this  were  a  realistic  approach,  a 
significant  wave  height  estimate,  defined  as 
where  mg  is  the  zeroth  order  moment  of  the  spec¬ 
trum,  would  be  obtainable. 

Few  such  vave  height  estimates  have  been  re¬ 
ported  in  the  literature.  As  we  here  have  a  com¬ 
plicated  sea  state  case  with  near  simultaneous  ob¬ 
servations  from  a  VAVESCAN  buoy,  the  GEOSAT  alti- 


I  ^kSLu 


SAR  (left)  and  VAVESCAN  directional  spec¬ 
tra,  lines  1-7,  11  March  1988.  Circles 
indicate  100  m,  200  m  and  400  m  vave  len¬ 
gths.  Horizontal  axis  is  azimuth  and  ver¬ 
tical  is  range  dimension. 
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meter  and  an  airborne  SAR,  it  is  of  interest  to 
employ  the  APL  procedure  to  see  if  the  SAR  derived 
wave  height  is  realistic  and  comparable  with  the 
other  measurements.  As  the  APL  procedure  is  based 
on  several  fundamental  assumptions,  leading  to  a 
theoretical,  linearized  version  of  the  HTF,  care 
must  be  taken  when  analyzing  airborne  SAR  imagery 
in  order  not  to  exceed  the  validity  of  the  line¬ 
arizations.  The  image  data  in  this  analysis  were 
extracted  at  20-40°  incidence  angle,  comparable  to 
SEASAT  and  SIR-B,  for  which  the  HTF  formulation 
was  derived.  The  APL  procedure  was  applied  to  the 
averaged  spectra,  and  the  results  are  presented  in 
Table  1  and  Fig.  7.  Table  1  shows  that  the  results 
were  mostly  comparable  to  the  4.2  ra  and  3.6  m  sig¬ 
nificant  wave  height  estimates  obtained  by  the 
WAVESCAN  buoy,  although  the  SAR  generally  over¬ 
estimates  the  wave  height  by  a  significant  amount. 
A  further  comparison  with  the  buoy  and  GEOSAT  wave 
heights  (Fig.  7)  shows  that  tne  difference  between 
the  SAR  and  the  buoy  is  not  significantly  greater 
than  the  difference  between  the  buoy  and  GEOSAT, 
although  altimeter  wave  heights  are  generally  ac¬ 
cepted  as  reasonably  accurate. 


HmO  (m) 


Fig.  7  Time  series  of  WAVESCAN  significant  wave 
height  with  OOZ  confidence  limits,  10-12 
Harch  1988.  Circles  and  crosses  are  GEO¬ 
SAT  observations,  while  squares  are  SAR 
estimates. 

CONCLUSIONS 

Comparison  between  buoy  and  SAR  measurements 
show  that  in  this  case  of  a  complicated  sea  state, 
the  SAR  obtained  promising  results. 

Comparison  of  GEOSAT  altimeter  estimates  of 
wave  height  with  WAVESCAN  and  NORWAVE  buoy  data  is 
reasonably  good  although  with  a  tendency  to  incre¬ 
ased  overestimation  at  high  sea  states.  T.he  wind 
speed  comparison  shows  more  scatter  but,  along 
with  the  wave  height  results,  is  fairjy  consistent 
with  results  from  earlier  studies. 

Table  1  Significant  wave  height  e.stimaies  from 
the  airborne  SAR  passes,  11.HAR.88. 
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ABSTRACT 

Along  track  (azimuth;  filtering  of  synthetic  aperture  radar  (SAR; 
ocean  image  spectra  has  been  investigated  under  different  range  to 
velocity  (RA'i  ratios  Cut-off  wavelength  in  azimuth  is  estimated 
from  SAR  ocean  image  spectra  obtained  with  different  R/V  ratio. 
For  a  R/V=130  s  which  corresponds  to  the  ERS-1  value,  the  cut¬ 
off  azmiuth  wavelength  obtained  is  X,cut“240  m.  A  coherence 
time  is  estimated  to  be  s  The  azimuth  filtering  is 

shown  to  influence  both  the  directivity  and  the  peak  wavelength 
of  the  ocean  image  spectra.  The  incidence  angle  and  thus  also  the 
uitegration  time  has  neglible  effect  on  the  azimuth  filtering  over 
the  range  of  angles  and  integration  times  considered 

Keywords  Synthetic  Aperture  Radar,  Ocean  Wavenumber 
Spectnim,  Coherence  Time. 

1.  INTRODUCTION 


where  M(Ii)  is  the  modulation  transfer  function,  usually  splitted 
into  tilt-,  hydrodynamic-  and  velocity  bunching  modulation.  H(1j) 
IS  the  stationary  SAR  impulse  response  function  i.e.  the  SAR 
system  response  to  a  stationary  point-scatterer.  Finally,  G(kl.  is 
the  non-stationary  response  function  describmg  the  SAR  system 
response  to  a  moving  scatteier. 

The  non-stationary  response  function  in  cq.(l)  models  the  loss  of 
azimuth  resolution  as  a  low-pass  filtering  process  on  the  image 
spectrum.  Both  acceleration  and  velocity  spread  effects  may 
contribute  to  the  response  function  (Beal  et.  al.,  1983), 
(Hasselmann  et.  al.,  1985).  The  first  is  proportional  to  the  RA^ 
ratio  and  the  SAR  integration  time  and  the  second  is  proportional 
to  the  RA^  ratio  and  the  scatterer  velocity  variance  within  a 
resolution  element.  The  velocity  spread  contribution,  being  the 
dominant  one,  arises  from  the  well  known  azimuth  shift  Ay  = 
RUjA'  introduced  by  the  scatterer  velocity  Uj  in  the  radar  look 
direction.  Assuming  the  velocity  spread  (i.e.  dso  Ay)  between 
different  scatterer  within  a  resolution  element  to  be  Gaussian  the 
response  function  GQc)  also  becomes  Gaussian; 


One  of  the  major  limitations  in  SAR  unaging  of  ocean  waves  is 
the  loss  of  resolution  in  the  azimuth  direction  caused  by  the  non- 
stationarity  of  the  scattering  ocean  surface.  The  fine  resolution  in 
the  azimuth  direction,  obtained  by  recording  the  phase  histories  of 
the  backscattered  signals  over  a  finite  time  interval,  consists  of 
both  constructive  and  destructive  effects  depending  strongly  on 
tiie  radar  and  ocean  wave  parameters  involved  (Hasselmann  et 
al.,1985).  The  constnictive  effect  is  tlieoretically  described  by  the 
velocity  bunching  modulation  mechanism  and  the  destructive 
effect  is  usually  modeled  by  a  non-stationary  response  function. 
Of  particular  importance  for  both  of  these  mechanisms  is  the  IVV 
ratio  and  the  sea-state  condition  being  imaged  (Beal  et.  al.,1983), 
(Monaldo  et.  al.,  1983). 

One  of  the  objectives  of  the  wave  imaging  experiment  during  the 
NORCSEX'88  campaign  was  to  investigate  .SAR  imaging  of 
complex  sea-states  under  various  height  to  velocity  ratios.  Data 
from  the  march  11,  arc  used  m  the  present  analysis,  providing 
star-pattern  flights  at  two  heights  and  a  trunodal  wave  spectrum 
with  a  significant  w,iveheight  of  4  m. 

Results  from  investigation  of  the  resolution  loss  in  azimuth  with 
respect  to  the  RA^  ratio  and  the  angle  of  incidence  are  presented. 

2.  OCEAN  IMAGE  SPECTRA  AND  NCN-STATIONARY 
RESPONSE  FUNCTION 


G(k)  =  exp  [- 


(2) 


where  5kj=  l/V2<Ay2>  is  the  half-width  and  'l<Ay^>  is  the  rms. 
of  the  random  position  shifts.  The  half-width  can  thus  be  written 
as; 

Attempts  to  estmiate  Sk^  (i.e.  <U,2.>)  or  the  corresponding  cut¬ 
off  wavenumber  defined  as  kmax  =  26kj  are  in  the  literature  done 
integrating  a  theoretical  wave  spectmm  modelling  the  imaged  sea- 
state  ( Tucker,1985),  (Monaldo  et.  al.,1986).  The  velocity  spread 
contribution  may  also  alternatively  be  expressed  by  a  coherence 
time 


^cob  ~ 


\ad.Tf 

2re'/2<Ur2> 


(4) 


A  linear  relationship  between  SAR  image  mtensity  and  tlie  ocean 
surface  height  displacement  yields  a  smiplc  relation  between  the 
image  power  spectrum,  F(k),  and  the  directional  ocean  wave 
spectrum,  W(k)  (Beal  et.  al.,  1983); 

F(!s)  =  W(iu  IM(k)|2  IH(k)|2  IG{k)l2  ( 1 ) 


that  effectively  limits  the  available  integration  time  and  thus 
reduces  the  resolution  in  the  azimuth  direction.  In  this  paper 
azimuth  cut-off,  kn,g;j,  and  coherence  time,  are  estimated 
directly  from  the  SAR  ocean  image  spectra.  This  is  done  utilizing 
spectra  obtained  under  various  RA^  ratios  using  the  procedure 
described  in  the  following.  According  to  eq.  (I)  the  filtered 
azimuth  image  spcctiai  profile  F(kj)  may  be  expressed  by  the 
corresponduig  unfiltered  profile,  F(kj)  as; 
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F(ka)  =  F(ka)lG(k)|2 


(5) 


Dividing  spectral  profiles  F  obtained  svith  different  R/V  ratios  but 
otheiAvise  under  same  wave/imaging  geometry  yields  then  using 
eq.  (2)  and  eq.(3): 


F2(ka) 


=  exp[- 


25ka22 


(1- 


Ri^Vo^ 

R22V,2 


■)] 


(6) 


The  azimuth  half-width  okj^  may  thus  be  estimated  from  the  half¬ 
width  of  the  function  in  eq.  (6).  Having  established  5kj,2  ,  the 
velocity  variance  <Ur2>  may  be  obtained  from  eq.  (3)  and  finally 
the  coherence  time  from  eq.  (4). 

3.  SAR  DATA  PROCESSING 

Data  from  March  11.  Line  3, 4  and  6  have  been  analyzed  in  this 
paper.  The  aircraft  track  angle,  velocity  and  height  varied  as  given 
in  table  1. 


Track  anRie 

Velocity 

HeiRht 

Line  3 

59  4* 

107.3  m/s 

6126  m 

Line  4 

240  4« 

108  3  m/s 

6096  m 

Line  6 

59.5* 

149  3  m/s 

3688  m 

Table  1.  Aircraft  track  angle,  velocity  and  height. 

The  real  time  CV-580  SAR  images  are  preprocessed  and 
converted  to  ground  range  given  an  out  pbtel  spacing  of  7.7  m  in 
both  range  and  azimuth. 

Out  of  this  converted  images,  four  subimages  with  256  pixels  x 
1024  lines  are  selected  at  different  ground  ranges  (and  thus  also 
incidence  angles  and  integration  times)  as  given  in  table  2. 


1 

2 

3 

4 

. _ 

R/V  0  T 

R/V  0  T 

R/V  0  T 

R/V  0  T 

EMEM'Wn 

130  65*  0.68  s 

nmium-m 

iQQSBHi 

EMKaiicn 

ECmFlPf?l 

■r/iMriHilkkW 

Table  2.  R/V,  incidence  angle  9,  and  effective  integration  lime  T  per  look  of 
the  difterem  subimages. 

The  unages  show  a  strongly  varying  btighmess  from  near  to  far 
range  For  each  subimage  an  illumination  function  is  computed 
by  averaging  all  the  range  lines  and  fitting  a  third  degree 
polynomial.  All  the  range  lines  are  then  divided  by  this 
polynomial.  The  subimage  power  spectra  are  computed  using  the 
periodogram  method  and  subsequently  smoothed  by  a  Gaussian 
kernel  and  filtered  by  an  exponential  high  pass  filter. 

The  spectra  are  corrected  for  the  stationary  SAR  system  response 
function,  but.  no  correction  is  done  for  the  modulation  transfer 
function.  This  is  not  critical  for  the  present  analysis.  The  azimuth 
profiles  used  in  the  computations  are  in  addition  corrected  for  the 
along  track  scale  distortion  (Vachon  et.  al.,  1988). 

The  power  spectra  are  transformed  into  polar  coordinates, 
D(k,9),  using  bilinear  interpolation.  The  directivity  over  all 
wavenumbers  and  the  heave  spectra  are  then  obtained  by 
integrating  D(k,0)  with  respect  to  wavenumber  and  angle, 
respectively. 


4.  EXPERIMENTAL  RESULTS 


Rg.  1  Wavescan  buoy  derived  ocean  wave  spectnim  at  the  time  of  the  SAR 
overflights.  Local  wind  direction  and  S,\R  Line  3,4  and  6  indicated 
by  arrows.  Sigmficant  waveheight  about  6-7  meters.  Contour  plot 
liten  from  ODAP  report  no.  108  (Barstow  el.  al.,1988). 

In  fig.  2,  3  and  4  SAR  ocean  image  spectra  obtained  near  nadir 
(fig.  a)  and  far  nadir  (fig.  b)  from  Line  3,  Line  4  and  Line  6  are 
presented.  The  direction  of  flight  is  along  the  positiv^azimuth 
axis.  The  thaee  modes  indicated  in  the  buoy  spectrum  (fig.  1)  are 
marked  with  the  same  numbers  in  the  SAR  spectra. 


Fig.  2.  Line  3  near  and  far  nadir  ocean  image  spectra.  Outer  contour  75  m, 
mid  contour  150  m,  inner  contour  300  m.  N  indicates  North, 
a:  R/V=70  s,  incidence  angle  0=38°. 
b:  R/V=170  s,  incidence  angle  9=71°. 


Wavescan  buoy  derived  ocean  wave  spectrum  obtained  during  the 
SAR  overflights  is  shown  in  fia  I  ajiH  the  three  main  modes  are 
numbered  1,2  and  3.  Tlie  direction  of  the  SAR  flight  lines  3,4 
and  6  are  also  annotated  on  to  the  wave  spectrum  together  with 
the  local  wind  direction.  The  signifreant  waveheight  was  between 
6-7  m  during  the  time  of  the  SAR  overflights.  The  wavescan 
spectrum  below  was  used  for  identification  of  the  various  modes 
in  the  corresponding  SAR  ocean  image  spectra. 


Fig.  3.  Lincdncarandfar  nadir  ocean  image  spectra. 

..  r»nr.*7A»  a 

M.  AV  *  V  >>|  UIVtVIVKW  . 

b.  R/V=170  s,  incidence  angle  9=71°. 
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Rg.  4.  Lme  6  near  and  far  nadir  ocean  image  spcelra. 
a:  RA'=30  s.  ineidence  angle  9=38°. 
b;  R/V=70  s,  mcidcnee  angle  0=71®. 

The  dominant  effect  demonstrated  in  these  spectra  is  the  increased 
azimuth  filtering  with  increasing  RA^  ratio.  Fig.  2a  and  fig.  4b 
which  are  taken  under  approximately  same  RA^  ratio  but  very 
different  incidence  angle  show  close  similarity.  Fig  2  and  3 
shows  spectra  obtained  at  opposite  directions  of  flight,  and  the 
modes  with  positive  azimuth  components  are  best  identified.  This 
will  be  a  subject  for  further  studies. 

In  order  to  investigate  properly  the  azimuth  filtering  process 
indicated  by  the  spectra  in  fig.  2,  fig.  3  and  fig.  4,  azimuth  profile 
at  spectral  peak  and  average  azimuth  profiles  are  computed  for 
various  R/V  ratios  and  incidence  angles.  The  filtering  effect  on 
the  directivity  and  the  heave  spectrum  is  also  considered. 

Fig.  5a  shows  the  azimuth  profile  averaged  over  all  range  lines  in 
the  spectrum  obtained  from  Line  3  and  Line  6  under  different  RA' 
ratios  but  same  incidence  angle.  Fig.  5b  shows  the  average 
azimuth  profile  obtained  under  different  incidence  angles  but 
same  RA'  ratio. 


Fig.  Sa.  Average  azimulli  profile  obtained  from  Line  3  and  Luie  6  under 
different  R/V  ratios  but  same  incidence  angle  0=38®. 
b.  Average  azimuth  profile  obtained  from  Line  3  and  Line  6  under 
different  incidence  angles  but  same  R/V=70  s  ratio. 


Fig  6a  C)i,c£„yi,y  obtained  from  Line  3  and  Lme  6  under  different  R/V 
ratios  but  same  incidence  angle  0=38®.  Range  corresponds  to  270®. 


The  duectivity  and  heave  spectmm  obtained  under  the  same  RA^ 
ratios  and  incidence  angles  as  in  fig.5  are  shown  in  fig.  6  and  7, 
respectively. 


Fig  6b  Directivity  obtained  from  Line  3  and  Line  6  under  different  incidence 
angles  but  same  R/V=70  ratio.  Range  corresponds  to  270®. 


Rg.7a.  Heave  spectrum  obtained  from  Line  3  and  Line  6  under  different  R/V 
ratios  but  same  incidence  angle  0=38®. 


rig.7b.  Heave  specuum  obtained  Irom  Line  3  and  Line  6  under  different 
incidence  angles  but  same  R/V=70  s  ratio. 

Fig.  6  and  7  demonstrate  the  azimuth  filtering  as  function  of  the 
RA^  ratio.  A  change  in  R/V  from  30  s  to  70  s  has  a  dramatic 
consequence  on  the  directivity  tending  to  move  the  peaks  towards 
range.  The  heave  spectrum  is  not  that  much  infiuenced.  The 
change  in  incidence  angles  has  minor  influence  on  the  results. 

A  quantitative  measure  of  the  azimuth  filtering  is  obtained  by 
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computing  the  azimuth  profiles  over  the  peaks  in  tlie  spectra. 
Fig.8a  shows  the  azimuth  profiles  at  spectral  peak  mode  3 
obtained  from  Lute  3  and  Line  6  under  different  IVV  ratios  but 
same  incidence  angle.  The  results  of  dividing  the  profiles  in 
fig.Sa  according  to  eq.  (6)  is  shown  in  fig.  8b.  Fig.  9a  and  b 
shows  the  stune  plots  obtained  from  modes  1  and  2. 


A09  -O.Ot*  ^03  000  003  0.06  0.09  -0.06  -O.OS  0.00  0.05  006 

azimuth  wa^renumber  (rad/m)  azimuth  wavenumber  (rad/m) 

Fig  8a  Azimuth  profile  at  spectral  peak  (mode  3)  obtained  from  Unc  3  and 
Line  6  under  different  K/W  ratios.  Incidence  angle  0=65® 
b  Results  obtained  by  division  of  the  profiles  in  fig.a,  K2/F{ 
according  to  eq.  (6)  wliere  F2  is  the  profile  obtained  with  R/V=I30  s 
and  F|  with  R/V=i55  s 


•009  -0.06  -0.03  0.00  0.05  0.06  0.09  .0.06  -0.03  0.00  0.03  0.06 

ajimulh  wav«iurober  (rad/m)  azimuth  wavenumber  (tad/m) 


Fig  9a  Aziniulli  profile  at  spectral  peak  (mode  1,  2)  obtained  from  Line  3 
and  Line  6  under  different  R/V  ratios.  Incidence  angle  0=65®. 
b.  Results  obtamed  by  division  of  the  profiles  in  fig.a,  F2/F1  as  pro¬ 
posed  in  eq,  (6)  where  F2  is  profile  obtained  with  rA'=130  s 
and  K 1  willi  R/V=55  s. 

The  half-width  5kj  of  the  curves  in  fig. 8b  and  fig.9b  are 
estimated  assuming  a  Gaussian  shaped  function  according  to  eq. 
(6).  The  iialf-widtii  5kj2  of  the  corresponding  azimuth  filter  is 
then  computed  using  the  relation; 


■Off)  006  0.0)  0.00  003  0.00  0.09 


azimuth  wavenumber  (raJ/m) 

Fig.  to  Azimuth  profile  at  spectral  peak  obtained  from  Line  3  and  Line  6 
under  differem  iiKidencc  angles  but  same  RA^=70  s  ratio. 

The  similarity  between  both  profiles  is  very  good  both  in  shape 
and  absolute  energy  density.  The  Sensitive  Time  Control 
(Livingstone,  1987)  option  was  active  during  the  generation  of  the 
real-time  SAR  data.  Tliis  STC  perfonns  among  several  tilings  an 
adjustment  of  the  received  power  with  respect  to  the  variation  of 
the  radar  reflectivity  with  incidence  angle  according  to  a  radar 
reflectivity  law.  Tliis  combined  with  the  careful  preprocessing  of 
the  subimages  as  described  in  chap.  2  are  probably  the 
explanation  of  the  results  in  fig.  10.  An  increase  in  the  angle  of 
incidence  leads  to  an  increase  in  the  integration  time  as  specified 
in  lab.2.  Fig.  10  indicates  that  the  acceleration  contribution  being 
proportional  to  the  integration  time  is  neglible  as  a  source  to  the 
observed  azimuth  filtering.  Line  1,  2,  5  and  7  have  also  been 
investigated  using  the  same  procedure  showing  the  same  results 
regarding  the  azimuth  filtering  problem. 

5.  CONCLUSIONS 

Loss  of  resolution  in  the  azimuth  direction  is  investigated  as 
function  of  imaging  geometry.  The  most  important  parameter  is 
the  range  to  velocity  ratio,  rA^,  and  a  procedure  for  estimating  an 
azimuth  cut-off  wavenumber  and  coherence  lime  from  SAR 
image  spectra  is  proposed  and  demonstrated.  For  an  R/V=130  s 
corresponding  to  the  ERS-1  value,  a  cut-off  in  azimuth 
wavelength  was  estimated  to  240  m.  The  coherence  time  was 
found  to  be  of  the  order  of  0.015  s.  The  azimuth  filtering  is 
shown  to  influence  both  the  directivity  and  the  peak  wavelength 
of  the  ocean  image  spectra. 
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ABSTRACT 

We  discuss  the  use  of  two  algorithms  to  per¬ 
form  shape  matching  on  the  boundaries  of  ice 
floes  in  SAR  images  In  order  to  produce  an 
ice  motion  map.  The  algorithms  match  a  shape 
descriptor  known  as  the  psi-s  curve.  The 
first  algorithm  uses  normalized  correlation 
to  match  the  psi-s  curves,  while  the  second 
uses  dynamic  programming  to  compute  an  elas¬ 
tic  match  that  better  accommodates  deforma¬ 
tion  of  the  ice  floe  boundary. 

I.  Introduction 

There  has  been  considerable  interest  in 
recent  years  in  the  use  of  SAR  imagery  to 
study  movement  of  arctic  ice  floes.  The 
movement  of  ice  floes  is  of  interest  to 
shipping,  oil  drilling,  and  military 
operations.  In  addition,  the  motion  of  ice 
floes  plays  a  large  role  in  the  world's 
weather,  because  this  motion  exposes  large 
expanses  of  unfrozen  ocean  water  to  the  much 
more  frigid  arctic  air,  and  is  therefore 
responsible  for  a  large  amount  of  heat 
transfer  between  the  ocean  and  the 
atmosphere.  SAR  imagery  is  suited  for  this 
task  because  it  allows  continuous  coverage 
through  clouds  that  prevail  in  the  arctic,  as 
well  as  during  the  dark  winter  months. 

A  common  approach  to  the  automated  tracking 
of  arctic  ice  has  been  to  select  a  patch  from 
an  early  image  (the  source  image)  and  to 
cross  correlate  it  with  a  later  image  (the 
target  image)  at  each  position  that  could 
plausibly  correspond  to  the  same  patch  of  ice 
(Fily,  1986).  The  position  that  maximizes 
the  computed  correlation  coefficient  is 
deemed  likely  to  contain  the  corresponding 
patch  of  ice.  Sometimes  consistency  checks 
between  several  matches  are  used  to  identify 
false  matches. 

This  method  is  known  as  area  correlation, 
'i'he  problem  wirh  ic  is  irs  computacional 
expense,  especially  when  ice  floes  rotate. 
To  accommodate  rotation,  the  patch  must  be 
rotated  and  correlated  several  times  at  each 
potential  match  position  in  the  target  image. 
The  search  space  thus  becomes  very  large, 
increasing  the  likelihood  of  false  matches 
and  increasing  enormously  the  computational 
burden. 
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As  a  result,  there  has  been  increasing 
attention  to  algorithms  for  tracking  ice 
floes  by  matching  feature  shapes  (Vesecky, 
1988). 

We  describe  here  a  set  of  algorithms 
developed  at  jointly  by  Vexcel  Corporation 
and  the  Jet  Propulsion  Laboratory  (JPL)  which 
have  successfully  overcome  these  obstacles. 
Rather  than  correlating  raw  pixel  values, 
these  algorithms  first  extract  features  from 
the  images.  The  shapes  of  the  extracted 
features  are  then  compared  using  shape 
descriptors  known  as  psi-s  curves.  To  match 
the  psi-s  curves,  the  algorithms  use  both 
normalized  correlation  and  dynamic 
programming.  An  ice  tracking  system  that 
uses  these  algorithms  is  currently  being 
developed  jointly  by  Vexcel  and  JPL  under  a 
grant  from  NASA.  The  system,  known  as  the 
Geophysical  Processing  System  (GPS),  is 
scheduled  for  installation  at  the  Alaska  SAR 
facility  in  Fairbanks  in  April  of  1990. 

II.  Psi-s  curves 

Suppose  £(s)  -  (x(s),y(s))  is  a  continuously 
differentiable  parametric  curve  such  that  s 
is  arc  length  along  the  curve.  At  each 
point,  the  vector  f'(s)  »  (x’ (s) ,y' (s) )  gives 
the  vector  that  is  tangent  to  the  curve. 

Let  9(s)  be  equal  to  the  angular  difference 
between  f'(s)  and  the  unit  vector  (1,0).  8 
is  a  real-valued,  function  of  s  which  is 
continuous  everywhere,  except  where  phase 
wrapping  introduces  discontinuities,  i.e., 
where  it  wraps  around  from  2n  to  0  or  from  0 
to  2n.  The  psi-s  curve  is  derived  by  adding 
or  subtracting  multiples  of  2ji  to  portions  of 
the  e-s  curve  as  needed  to  remove  these 
discontinuities.  In  the  case  where  the  curve 
has  points  where  it  is  not  differentiable, 
multiples  of  2n  are  added  or  subtracted  in 
order  to  minimize  the  magnitudes  of  the 
discontinuities . 

The  boundary  of  a  binary  region  in  a  digital 
image  has  a  limited  number  of  orientations, 
depending  on  the  tesselation.  It  is 
therefore  necessary  to  interpolate  a  smooth 
boundary  through  the  jagged  artifacts  of 
digitization  before  computing  the  psi-s 
curve. 
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III.  Hatching  of  ps.l-s  curves  using 
correlation 

One  of  the  methods  GPS  ice  tracking  system 
uses  for  matching  shapes  is  normalized 
correlation  of  the  psi-s  curves  of  the 
shapes.  The  GPS  ice  tracking  system  employs 
correlation  by  extracting  arbitrary  segments 
of  fixed  size  from  the  psi-s  curves  from  the 
source  image  and  finding  the  subsegment  of 
the  same  size  in  the  psi-s  curves  from  the 
target  image  that  maximizes  the  correlation 
coefficient. 

Correlating  psi-s  curves  is  an  effective 
method  of  matching  features  that  rotate 
strongly  from  one  image  to  another.  The 
reason  is  that  rotation  of  a  feature  causes  a 
constant  to  be  added  to  its  psi-s  curve.  The 
correlation  coefficient  between  two  functions 
is  invariant  to  addition  of  a  constant  to  one 
of  the  functions.  Therefore,  the  ability  of 
correlation  to  identify  a  match  is  unhampered 
by  rotation  of  the  features.  The  rotation 
can  be  estimated  at  the  best  match  by  linear 
regression  of  the  psi  values  from  the  two 
sets . 

Correlation  is  also  invariant  to  scalar 
multiplication  of  one  of  the  sets  of  samples 
being  correlated.  This  occurs  when  one  of 
the  psi-s  functions  can  be  derived  from  the 
other  by  scalar  multiplication  with  a  factor 
other  than  1.0.  This  would  mean  that  the 
variation  in  the  orientations  of  the  tangents 
to  one  feature  is  greater  than  it  is  for  the 
other,  and  hence,  one  of  the  features  is  a 
coiled  up  version  of  the  other.  This  does 
not  correspond  to  what  humans  would  consider 
resemblance,  nor  are  two  such  curves  likely 
to  represent  the  same  ice  floe  in  two  images. 
The  scalar  multiple  can  be  estimated  the 
linear  regression  slope  coefficient,  and 
matches  rejected  where  this  estimate  is 
significantly  different  from  1.0. 

The  final  task  is  to  determine  which  of  the 
matches  obtained  by  correlation  are  false  and 
which  are  correct.  The  solution  to  this 
problem  used  in  the  GPS  starts  with  the 
observation  that  most  ice  floes  have  at  least 
two  correct  matches  on  them.  The  features 
involved  in  these  matches  move  as  part  of  a 
rigid  body.  The  length  of  the  axis  joining 
them  will  be  unchanged  from  one  image  to  the 
next,  and  the  estimates  of  the  rotations  of 
each  obtained  by  their  linear  regression 
intercepts  will  coincide  with  each  other  and 
with  the  rotation  of  the  axis  joining  the  two 
features.  It  is  unlikely  that  a  pair  of 
matches  that  are  not  both  correct  will 
satisfy  these  criteria.  The  GPS  examines  all 
pairs  of  matches  obtained  from  psi-s 
correlation,  tests  for  these  criteria,  and 
keeps  all  pairs  of  matches  that  satisfy  them. 
This  is  a  much  more  effective  way  of 
separating  false  matches  from  correct  matches 
than  is  thresholding  the  correlation 
coefficients  of  the  matches. 

Figures  1,  2,  3,  and  4  depict  an  ice  image 
pair,  the  extracted  features  from  each  pair, 
and  the  motion  vectors  derived  using  psi-s 
correlation  followed  by  the  bad  match  filter. 


IV.  Problems  with  matching  psi-s  curves 
using  correlation 

Figure  5  illustrates  a  pairing  between 
corresponding  elements  of  two  psi-s  curves 
derived  from  segmented  ice  images.  It  is 
clear  that  the  mapping  of  the  elements  is  not 
one-to-one,  and  the  mapping  of  the  elements 
cannot  be  known  until  the  curves  are  matched 
up. 

In  fact,  implicit  in  correlation  is  the 
assumption  that  the  psi  values  are  disturbed 
from  one  image  to  the  next,  but  that  the 
mapping  between  the  s  domains  remains  linear. 
However,  any  disturbance  of  the  psi  values 
usually  results  from  disturbance  of  the  shape 
being  matched,  and  therefore  also  results  in 
distortion  of  arc  length  over  some  intervals 
of  the  boundary.  The  correlation  matching 
process  is  therefore  misspecif led,  and  this 
can  lead  to  failure  of  correlation  matching 
to  find  correct  matches  when  distortion  of 
arc  length  is  severe. 

V.  Dynamic  Progranusing 

The  field  of  sequence  comparison  deals  with 
the  comparison  of  similar  sequences,  where 
the  correspondence  between  the  elements  is 
not  one-to-one  and  not  known  in  advance.  The 
techniques  developed  in  this  field  provide  a 
way  of  measuring  the  similarity  between  such 
sequences,  as  well  as  computing  the  optimal 
and  most  natural  mapping  between  the  elements 
of  one  sequence  and  those  of  the  other.  Host 
of  the  techniques  in  this  field  are  based  on 
a  class  of  algorithms  known  as  "dynamic 
programming".  Dynamic  programming  is  a 
process  whereby  a  recursive  problem  with  an 
exponential  search  tree  can  be  solved  In 
polynomial  time  by  using  a  table  to  retain 
intermediate  results  that  are  shared  by 
different  branches  of  the  tree.  A  survey  of 
this  area  can  be  found  in  (Sankoff,  1983). 

Dynamic  programming  has  been  used  in  the  past 
for  shape  comparison  in  computer  vision,  but 
this  has  been  restricted  largely  to 
handwriting  analysis  (Burr,  1983). 

A.  A  Dynamic  Programming  Solution  to  the 
Hatching  of  Psi-s  Curves 

A  procedure  known  as  "dynamic  tiwo  warping" 
is  a  variant  of  dynamic  programming  for 
matching  real-valued  sequences.  Dynamic  time 
warping  examines  all  sets  of  mappings  between 
elements  of  one  sequence  and  those  of  the 
other,  subject  to  the  constraints  that  tho 
mappings  do  not  cross  each  others,  and  that 
every  element  from  one  sequence  is  paired 
with  at  least  one  element  from  the  other 
sequence.  It  assigns  to  each  of  these 
mappings  the  sum  of  absolute  differences  of 
paired  elements.  It  then  produces  the 
mapping  with  a  minimum  sum  of  absolute 
differences,  or  "cost." 

This  C2S  bs  coKiputsd  r^cursi'^'jly  follows* 

Let  X,  and  y„  be  two  sequences  of  length  m 
and  n.  Then  and  y.  are  the  prefixes  of 
these  sequences  containing  i  and  j  elements, 
respectively,  and  Xi  and  y^  are  the  i'th  and 
j'th  elements  of  the  respective  sequences. 
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The  distance  between  the  two  sequences  can  be 
expressed  as  foilows: 


d  (X,,  yj)  -  t  Ixj-  y,| 


d  (Xi,  yj 
d  (X.,  y„) 


^  |Xi-  y^l 

min  (d  (X..,,  y„)-|x.  -  yj 
d  U.-1.  yn-i)-|x,-yj, 
^  (*.'  yn-i)-|x,-y„| ) 


The  relation  maps  x,  to  y„  at  cost  | x,  -  y„|, 
and  resorts  to  recursion  to  compute  "the 
minimum-cost  mappings  of  the  preceeding 
elements. 


one  of  the  sets  of  samples.  Jn  psi-s 
matching,  this  is  exactly  what  happens  when 
there  is  rotation  of  the  features  from  one 
image  to  the  next.  Therefore,  although  the 
approach  is  not  blinded  by  distortion  in  the 
s  dimension  of  the  psi-s  curves,  it  can  be 
blinded  by  strong  rotation  of  the  features  to 
be  matched. 

To  remedy  this  problem,  a  rotation-invariant 
descriptor  of  a  curve  can  be  derived  from  the 
psi-s  curves  by  subtracting  a  running  mean 
from  them  before  the  dynamic  programming 
match  is  performed. 


The  mapping  can  be  computed  cheaply  by 
keeping  a  table,  where  element  (i,j)  of  the 
table  contains  d  (Xj,  y. ) .  By  starting  with 
element  (1,1)  the  table  can  be  built  up 
inductively  without  resorting  to  recursion. 
When  the  table  is  completed,  element  (x,,  y„) 
contains  the  cost  of  matching  the  two 
sequences.  Backtracking  in  the  array  from 
element  (x  ,  y„)  through  the  elements  giving 
rise  to  the  minimum  at  each  step  of  the 
recurrence  relation  gives  the  mapping  between 
the  elements.  The  time  and  space  required  to 
complete  the  table  is  proportional  to  its 
size,  or  m  X  n. 


VI.  Conclusion 

Two  methods  of  tracking  arctic  ice  floes  SAR 
images  have  been  presented.  Both  of  the 
methods  do  shape  matching  on  psi-s  curves. 
The  first  method,  based  on  normalized 
correlation,  is  indifferent  to  rotation  of 
the  ice  floes,  and  therefore  excels  in 
matching  features  whose  rotation  is  unknown. 

The  second  method,  based  on  dynamic  time 
warping,  excels  in  matching  features  that 
resemble  each  other  less  closely,  but  whose 
rotation  can  be  estimated. 


The  GPS  uses  a  variant  of  this  approach.  The 
following  recurrence  relation  is  used: 


(X,, 

Vi) 

-  I  Ixj-y,  1 

(Xj, 

y.) 

-  ^  Ixi-yjl 

(X,, 

y.) 

-  min  (d  (x... 

d  (X,. 

d  (X,, 

where  r  is  a  parameter  that  penalizes 
excessive  arc-length  warping. 


After  the  table  is  completed,  the  bottom  row 
ic  searched  for  a  minimum  value. 
Backtracking  from  this  location  gives  the 
interval  over  x,  that  matches  y„  the  best. 
When  y„  is  a  fragment  of  a  psi-s  curve  from 
one  image,  and  x,  is  the  set  of  psi-s  curves 
from  the  other,  this  procedure  finds  the  best 
match. 


Figure  6  illustrates  the  use  of  the  table  on 
a  small  example,  while  Figures  7  and  8  show 
dynamic  programming  match  results  on  ice 
image  data. 

B.  Problems  with  the  Dynamic  Time  Warping 
Approach 

As  explained  above,  the  primary  advantage  of 
the  dynamic  time  warping  approach  over  the 
correlation  approach  is  that  it  is  not 
blinded  to  a  match  by  distortion  of  the  s 
dimension  of  the  psi-s  curve.  The  chief 

disadvantage  of  the  approach  is  that  the 
underlying  similarity  measure  is  based  on  the 

^4!  A i  ^ r> n f  MrjiiVo  ths 

sum  of  differences  measure  of  similarity  is 
sensitive  to  the  addition  of  a  constant  to 
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Figure  2.  Seasat  SAR  image  of  the  same  ice 
three  days  later. 


Figure  3.  Features  extracted  automatically 
from  the  image  in  Figure  1.  To  extract  the 
features,  the  gray  values  are  clustered  to 
get  a  binary  classification.  The  boundaries 
of  the  regions  in  the  resulting  binary  image 
are  vectorized,  and  all  boundaries  with  less 
than  a  minimum  perimeter  are  discarded. 


Figure  4.  Correct  matches  obtained  by  corre¬ 
lation  of  the  psi-s  curves  of  features 
extracted  from  the  images  in  Figures  1  and  2. 


Figure  7.  Hatches  produced  by  dynamic  pro¬ 
gramming  from  the  data  used  in  Figure  4. 


Figure  5.  Two  matching  segments  of  sea  ice 
feature  boundaries  and  their  psi-s  curves. 
The  matches  of  the  psi  values  were  produced 
using  the  GPS's  dynamic  programming  algo¬ 
rithm.  Deformation  of  the  axis  along  which 
the  curves  match  frequently  inhibits  a 
correct  match  when  correlation  of  psi-s 
curves  is  used. 
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Figure  6.  Illustration  of  the  table  produced 
by  a  dynamic  programming  match  of  the 
sequence  232440  against  the  sequence 
12123325011,  which  produces  the  best-match 
subsequence  233250.  The  table  is  filled  in 
row  by-row  using  the  lecutrence  relacion  usea 
by  the  GPS  and  a  value  of  1.0  for  r.  When  the 
table  is  completed,  the  bottom  row  is  scanned 
for  a  minimum  value.  Scanning  vertically 
from  the  minimum  value  of  2,  one  finds  the 
location  of  the  end  of  the  best-match  subse¬ 
quence.  By  backtracking  from  that  location 
through  the  elements  giving  rise  to  the 
minimum  in  the  recurrence  relation,  one  finds 
the  beginning  of  the  best-match  subsequence, 
as  well  as  the  mapping  between  the  elements. 
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Abstract 

We  have  developed  a  technique  that  incorporates 
several  innovative  ideas  to  identify  ice  floes  au¬ 
tomatically.  Our  technique  finds  whole  floes,  not 
just  partial  edges  or  lead  boundaries.  Using  stan¬ 
dard  image  processing  techniques,  image  pixels 
are  classified  aa  ice  or  water  and  edge  pixels  (those 
which  define  the  border  between  ice  and  water) 
are  identified.  The  ice  floes  are  then  eroded,  using 
a  computer  to  simulate  melting  the  ice.  The  lo¬ 
cations  of  those  edge  pixels  which  outline  a  given 
floe  are  propagated  into  the  interior  of  the  floe 
as  It  melts.  This  erosion-propagation  (EP)  al¬ 
gorithm  produces  initial  clusters  of  edge  pixels 
which  outline  the  floes.  It  also  eliminates  loose 
ice  and  pixels  which  were  erroneously  classified 
as  ice.  The  EP  algorithm  is  computationally  effi¬ 
cient  and  has  the  potential  of  being  implemented 
on  parallel  processing  machines.  A  new  approach 
to  cluster  analysis,  based  upon  principal  curves 
and  maximum  likelihood  estimation,  is  used  for 
the  final  verification  and  representation  of  the 
floes. 

Keywords:  Ice  Floes,  Cluster  Analysis,  Erosion, 
Principal  Curves 

1  INTRODUCTION 

With  the  advent  of  satellite  imagery  virtually  un- 
llmited^servational  data  are  avmlable  to  study 
the  illlVment  and  spatial  structure  of  sea  ice. 
In  order  to  utilize  fully  this  iiiSux  of  data  theic 
is  a  need  for  automated  pattern  recognition  tech¬ 
niques  specifically  designed  for  the  analysis  of  sea 
ice.  Many  of  the  recent  advances  in  the  fields  of 
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statistics,  pattern  recognition  and  computer  vi¬ 
sion  are  applicable  to  the  analysis  of  remotely 
sensed  sea  ice.  Using  several  of  the  new  ideas 
from  these  fields,  we  have  developed  and  imple¬ 
mented  an  algorithm  which  can  take  a  satellite 
image  and  return  the  outlines  and  spatial  config¬ 
uration  of  all  major  ice  floes.  The  shape  and  spa¬ 
tial  information  provided  by  our  algorithm  can 
be  used  in  studying  temporal  and  spatial  vari¬ 
ability  in  ice  morphology,  in  floe  tracking  and  in 
modeling  ice  processes  such  as  lead  dynamics  and 
floe  breakup.  The  solution  to  this  complex  prob¬ 
lem  requires  a  combination  of  several  techniques, 
including  cluster  analysis  and  principal  curve  es¬ 
timation.  There  are  a  number  of  preprocessing 
steps  that  must  be  undertaken  before  the  clus¬ 
tering  can  take  place.  However,  as  can  be  seen  in 
Figures  1  and  2,  the  results  are  quite  satisfying. 

In  general,  grayscale  images  contain  more  in¬ 
formation  than  binary  images.  However,  since 
the  identification  of  ice  floes  is  basically  a  binary 
problem  it  is  reasonable  to  start  by  classifying 
pixels  as  ice  or  water.  There  are  a  number  of  con- 
textural  classifiers  in  the  literature  (Owen,  1984; 
Kittler  &  Illingworth,  1985),  however  the  most 
common  classification  technique  for  creating  bi¬ 
nary  polar  images  is  thresholding  (Vesecky  et.  al., 
1988;  Fily  and  Rothrock,  1986).  In  a  thresholded 
image  of  sea  ice,  all  pixels  with  an  intensity  above 
a  specified  threshold  level  are  classified  as  ice, 
those  below  the  threshold  are  classified  as  water. 
Although  many  pattern  recognition  techniques 
are  sensitive  to  pixel  mis-classifications  due  to 
thresholding,  the  one  proposed  here  has  proven 
robust  to  that  problem.  Setting  the  threshold 
level  is  one  place  where  human  supervision  has 
proven  fruitful.  By  allowing  an  operator  to  ad- 
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Figure  2.  Ice  floes  that  our  method  found  in  Figure  1.  The  circle*  are  edge  pixels,  the  smooth  curves 
are  principal  curves  that  have  been  fit  to  each  of  the  floes.  The  four  largest  iioes  have  edge  pixels  in  their 
interior.  Because  of  the  interior  edge  pixel*  these  floes  were  subdivided  by  the  EP  algorithm.  The  partial 
floes  resulting  from  the  subdivision  were  then  merged  to  form  the  complete  floes  in  this  figure. 
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juit  the  threshold  level  interactively,  the  hum&n 
vision  system,  with  its  e.xception&l  p&ttern  recog¬ 
nition  capability,  can  very  accurately  determine 
an  appropriate  threshold  ievel.  If  a  fully  auto¬ 
mated  system  is  desired,  one  of  the  more  complex 
clusification  techniques  can  be  employed. 

After  classifying  the  image  as  ice  or  water,  the 
next  step  is  to  identify  the  edges  of  individual 
floes.  This  is  done  by  determining  which  pix¬ 
els  are  at  the  edge  of  a  floe  and  then  group¬ 
ing  together  those  edge  pixels  which  belong  to  a 
common  floe.  Locating  edge  pixels  is  easy,  there 
are  many  edge  operators  in  the  literature  which 
can  be  used  (Rosenfeld  and  Kak,  1982;  Rosen- 
feld,  1984).  Grouping  together  edge  pixels  which 
outline  one  particuinr  floe  is  far  more  difficult. 
This  is  one  of  the  probiems  that  our  aigorithm 
addresses.  Note  that  in  Figure  2  the  floe  outlines 
are  not  just  hundreds  of  individual  edge  pixels, 
they  represent  28  objects,  each  one  contuning  the 
outline  of  a  single  floe.  All  the  edge  pixels  from  a 
single  floe  are  grouped  together  and  know  about 
each  other  (the  ordering  in  which  they  fall,  their 
distance  from  each  other,  their  distance  from  the 
center,  etc). 

Our  algorithm  assumes  that  the  edge  pixels  of 
a  single  floe  must  lie  along  a  closed  curve.  By 
employing  a  clustering  criterion  based  on  closed 
principal  curves  (Banfield,  1988)  it  is  possible  to 
identify  the  resulting  clusters  as  floe  outlines.  Un¬ 
fortunately,  there  are  generally  so  many  edge  pix¬ 
els  and  so  much  noise  that  a  direct  application  of 
cluster  analysis  is  not  practicd.  We  produce  a 
preliminary  grouping  of  the  edge  elements  by  us¬ 
ing  erosion,  a  technique  from  mathematical  mor¬ 
phology,  as  a  thinning  algorithm.  Erosion  simu¬ 
lates  melting  the  ice  and  is  able  to  locate  a  central 
point  on  each  floe  and  associate  that  point  with 
the  appropriate  edge  pixels. 

2  THE  EP  ALGORITHM 

The  basic  idea  behind  erosion  (Serra,  1982)  is  to 
define  a  structuring  element  and  use  it  to  remove 
pixels.  To  erode  an  ice  floe  the  structuring  el¬ 
ement  is  placed  over  each  pixel  in  the  floe,  if 
the  structuring  element  lies  entirely  within  the 
ice  floe  then  that  pixel  “survives”  to  the  next  it¬ 
eration.  Otherwise,  the  pixel  is  eroded,  that  is, 
it  is  reclassified  as  water.  A  structuring  element 
is  simply  a  pattern  that  describes  the  neighbors 


of  a  pixel.  We  used  a  3x3  square,  this  defines 
the  neighbors  of  a  pixel  to  be  the  eight  immedi¬ 
ately  adjacent  pixels.  By  using  other  structuring 
elements  different  types  of  erosion  and  different 
erosion  rates  can  be  produced. 

If  a  pixel  is  eroded  and  has  no  neighboring  pix¬ 
els  that  are  classified  as  ice,  then  it  must  be  the 
last  pixel  of  a  floe.  By  recording  the  location  of 
the  last  ice  pixel  from  each  floe,  an  enumeration 
of  the  floes  as  weii  as  the  location  of  the  “cen¬ 
ters"  of  the  floes  is  obtained.  The  minimum  size 
of  the  floes  can  be  controlled  by  waiting  until  a 
specified  number  of  iterations  have  passed  before 
recording  the  locations. 

We  define  edge  pixels  to  be  the  set  of  pixels 
removed  by  the  first  iteration  of  the  erosion  pro¬ 
cess.  This  sst  of  pixels  includes  noise,  the  edges 
of  melt  ponds  and  loose  ice  as  well  as  the  pixels 
that  outline  the  floes.  If  the  locations  of  the  edge 
pixels  are  propagated  inward  as  the  floes  melt, 
then  the  last  piece  of  ice  from  each  floe  should 
have  associated  with  it  all  the  edge  pixels  from 
that  floe.  The  edge  pixels  not  associated  with  a 
floe  will  be  eliminated.  The  iterative  procedure 
of  eroding  a  closed  figure  while  propagating  the 
edge  information  to  the  center  is  cailed  the  ero¬ 
sion  propagation  (EP)  algorithm  (Banfield  and 
Raftery,  1989a).  The  EP  algorithm  produces  a 
collection  of  objects  that  may  be  floes.  Unfortu¬ 
nately,  the  EP  algorithm  can  subdivide  floes  that 
are  non-convex  or  have  dark  areas  (such  as  melt 
ponds)  in  their  interior. 

If  a  floe  is  subdivided,  the  resulting  partial 
floes  will  have  common  edge  elements.  Unfortu¬ 
nately,  separate  floes  which  lie  close  to  or  ti  uch 
each  other  can  also  share  edge  elements,  so  com¬ 
mon  edge  elements  alone  cannot  be  used  to  de¬ 
termine  which  collections  of  pixels  from  the  EP 
algorithm  should  be  merged.  It  can,  however, 
indicate  which  of  the  partial  floes  should  be  con¬ 
sidered  candidates  for  a  merger.  In  order  to 
determine  whether  a  set  of  floes  which  share  edge 
elements  should  be  merged  we  use  a  statistical 
technique  known  as  cluster  analysis. 

3  CLUSTER  ANALYSIS 

The  first  step  in  determining  whether  adjacent 
floes  should  be  combined  is  to  fit  a  closed  princi¬ 
pal  curve  (Hastie,  1984;  Banfield,  1988)  to  each 
of  the  collections  of  edge  pixels  produced  by  the 
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EP  algorithm.  The  characteristic  that  allows  the 
successful  merger  of  the  partial  floes  is  that  the 
edge  elements  of  a  complete  floe  have  uniformly 
distributed  projections  onto  the  principal  curve, 
while  large  gaps  in  the  projections  indicate  a  par¬ 
tial  floe.  We  cluster  the  edge  pixels  about  the 
principal  curves  using  a  clustering  criterion  based 
upon  both  the  variability  of  the  points  about  the 
curve  and  the  variability  of  the  projections  along 
the  curve.  The  criterion  is 

“  Q^'^o6<ni(  *1*  along 

whe  is  the  variance  of  the  lengths  of  the 

projections  of  the  data  onto  vtie  principal  curve 
and  "V along  is  the  variance  of  the  distance,  along 
’’in  principal  curve,  between  adjacent  projections. 

To  determine  if  a  set  of  adjacent  floes  should 
be  merged  we  first  calculate  V  for  each  of  the 
individual  floes,  then  V  for  the  floe  that  would 
result  from  the  merger  of  the  edge  elements  of 
the  individual  floes.  If  the  floe  resulting  from  the 
merger  has  a  smaller  value  of  V  than  any  of  the 
individual  floes,  the  merger  is  needed.  Otherwise, 
the  individual  floes  should  not  be  merged. 

In  order  to  calculate  V  an  estimate  of  a  is 
needed.  It  is  shown  (Banfleld  and  Raftery  1989b) 
that  a  criterion  of  the  form  given  in  equation  (1) 
is  optimal  (it  is  the  maximum  likelihood  estima¬ 
tor)  if,  over  all  floes,  Valong  =  Thus,  a 

reasonable  estimate  of  a  is  the  average  of 

'^along 

^ahout 

for  all  the  floes  which  were  not  subdivided.  Using 
the  complete  floes  found  by  the  EP  algorithm, 
those  floes  which  do  not  have  any  shared  edge 
elements,  we  estimated  a  for  the  floes  in  Figure 
1  to  be  .39 

4  CONCLUSIONS 

Figure  2  shows  the  principal  curves  and  edge 
elements  of  the  floes  in  Figure  1  after  partial 
floes  have  been  merged.  The  principal  curves 
have  been  fit  using  a  scatterplot  smoother.  They 
present  a  smooth  outline  of  the  floe  shap ’s.  Since 
they  are  smoothed  versions  of  the  edge  elements, 
they  tend  to  round  sharp  edges  and  comers.  It  is 
possible  to  get  a  more  detsdled  outline  by  adjust¬ 
ing  the  scatterplot  smoother.  If  the  exact  outline 
is  needed  the  edge  elements  themselves  can  be 


used.  The  edge  elements  in  the  central  regions 
of  the  4  largest  floes  result  from  melt  ponds  and 
pixel  mis-classifications.  They  are  not  part  of  the 
floe  edges  and  have  been  given  zero  weight  in  cal¬ 
culating  the  principal  curves.  They  may  easily  be 
eliminated  when  working  with  the  edge  elements. 
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Abstract 

Synthetic  Aperture  Radar  (SAR)  provides  an 
excellent  means  of  observing  the  movement  and 
distortion  of  sea  ice  over  large  temporal  arid  spatial 
scales.  Consequently,  the  European  Space  Agency's 
ERS-1  satellite  will  carry  a  SAR  over  the  polar  regions  in 
late  1990.  A  key  component  m  using  arctic  SAR  data  is  an 
automated  scheme  for  extracting  sea-ice  displacement 
fields  from  a  sequence  of  SAR  images  of  the  same 
geographical  region. 

Although  automatic  sea-ice  tracking  algorithms  do 
exist,  analyzing  the  Marginal  Ice  Zone  remains 
challenging.  'Hie  wide  variety  of  ice  movements  and 
diverse  of  seascapes  have  led  to  the  development  of 
hybrid  .schemes.  An  important  element  of  these  schemes 
consists  of  a  feature-based  algorithm,  Anotlier  important 
element  usually  consists  of  a  statisticaiiy-ba.scd 
algorithm,  e.g.  correlation.  Computer  understanding  of 
what  features  to  look  for,  when  to  apply  correlation  and 
where  to  look  is  still  subject  to  investigation. 

Oui  re.search  focuses  on  a  method  for  providing 
computer  understanding  of  a  Marginal  Ice  Zone  scene. 
'ITie  method  parses  a  complex  ice  scene  into  individual 
objects.  We  define  an  object  as  a  closed  boundary  and  its 
interior.  Consequently,  we  highlight  in  this  paper  how 
the  recognition  of  objects  facilitates  sea-ice  tracking.  We 
also  describe  our  solution  to  the  problem  of  weakly 
connected  regions  as  one  facet  in  automatically  creating 
objects  from  bitmaps.  We  provide  an  example  of 
matching  floes  taken  from  a  synoptic  image  pair.  The 
example  employs  a  simple  object  construct  using 
invariant  moments,  although  object  contructs  are  not 
limited  to  them. 
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2.  Introduction 

Conditions  found  in  the  Marginal  Ice  Zone  dictate 
that  a  tracking  scheme  account  for  a  wide  variety  of  ice 
movement  and  a  diversity  of  seascape.  Ice  found  close  to 
pack  ice  will  often  move  as  rigid  plates.  Ice  found  close  to 
open  ocean  will  often  move  as  fragments,  especially 
during  the  summer.  These  fragments  are  difficult  to 
track.  Unlike  rigid  plates,  fragments  can  spin  many 
times  between  SAR  observations  as  they  drift  across  open 
water.  The  context  within  which  fragments  occur,  e.g.  an 
open-water/new-ice  matrix,  may  change  rapidly.  Edges 
of  fragments  can  change  as  a  result  of  melt  and  collision. 
Fragments  may  also  further  disintegrate  into  smaller 
fragments.  Figure  1  illustrates  how  some  of  these 
phenomena  appear  in  an  SAR  image.  Given  the  variety  of 
conditions  within  the  Marginal  Ice  Zone,  multiple 
techniques  should  and  can  be  employed  to  track  ice. 

Recent  hybrid  schemes  have  been  introduced  to 
accommodate  a  variety  of  ice  movement.  Vesecky  ct  al. 
proposed  a  hybrid  of  feature  /  statistical-based  tracking 
algorithms.  (Vcsecky  ctal.,  1988)  The  Alaskan  SAR 
Facility  Geophysical  Processor  System  implements  a 
feature  /  statistical-based  tracking  scheme  using  the  edges 
of  segmented  regions  for  features  and  pyramid 
correlation  for  statistical  matching  (Kwok, 1988). 
Generally,  boundary  features  work  with  most  fragments, 
while  pyramid  statistical  correlations  work  with  rigid 
plates. 

The  class  of  algorithms  under  investigation  uses 
objects,  which  arc  amenable  to  feature  tracking  as  well  as 
statistical  tracking.  Object  characteristics  may  indicate 
the  type  of  algorithm  to  use;  for  example,  large  objects 
use  pyramid  correlation  and  small  objects  use  features. 
Objects  may  take  into  account  interior  features  as  well  as 
their  boundaries.  Matching  objects  representing 
fiagiiiuiils  Jiiecily  faciiiiates  tracking.  Finally,  object 
understanding  will  help  in  integrating  feature-tracking 
and  statistical-tracking  methods. 


Figure  1.  Marginal  Ice  Zone  from  Barrow,  Alaska.  This  synoptic  image  pair  was  taken  by  SEASAT  in  1;>78.  Each  pixel 
represents  a  200  X  200  meter  area,  a)  Orbit  1409  October  3.  b)  Orbit  1452  October  6. 


3.  Framework;  Object  Understanding 


Objects  are  meta-features,  collections  of  individual 
features  belonging  to  a  particular  spatial  group.  We 
define  an  object  as  a  closed  boundary  and  its  intericr. 
Whereas  edge-based  algorithms  use  only  the  information 
given  by  the  boundary,  object-based  algorithms  use  the 
information  given  by  the  boundary  as  well  as  the 
information  given  by  its  interior.  An  object  may  simply 
consist  of  a  binary  image  with  ones  representing  the 
region  of  interest  and  zeroes  elsewhere.  An  object  may 
also  consist  of  a  gray-scale  image  with  intensity  values 
leprcsenting  the  region  of  interest  and  zeroes  elsewhere. 
An  object  may  further  consist  of  a  feature-reduced  image 
with  the  region  of  interest  presented  by  a  closed  boundary 
and  some  interior  features,  such  as  pressure  ridges. 
Whatever  the  variation,  object-based  tracking  algorithms 
can  use  the  information  within  the  interior  of  a  boundary 
to  characterize  a  floe  or  region.  The  advantage  comes 
when  individual  features,  such  as  edges,  are  in.sufficient 
for  registration  and  when  the  spatial  context  of  those 
features  becomes  important. 

A  pseudo-code  implementation  in  C  of  an  object 
would  look  something  like  the  following: 

struct  object 
( 

list  of  coordinates  of  this  object; 

an  identification  tag; 

nuniier  of  pixels  in  this  object; 

/*  for  sorting  by  mass  */ 
feature  x 


Figure  2.  Example  flowchart  incorporating  objects. 

In  this  example,  objects  mediate  the  first  level  of  decision 
making.  Subsequent  decisions  based  on  objects  can  be 
made  at  a  lower  level  to  aid  in  determining  what  other 
algorithm  to  use. 

4.  Object  Construction  and  Algorithm 


/*  e.g.  ice  type  */; 
feature  y 

/•  boundary  vector  */; 

f  a  ►  *1  »•«%  •* 

/*  e.g.  pressure  ridge  density  •/; 


); 

A  flowchart  of  a  tracking  algorithm  using  objects 
could  look  like  that  shown  in  Figure  2. 


The  process  of  automatically  constructing  two- 
dimensional  objects  from  a  bitmap  includes  tw  general 
steps.  Tne  first  step  is  to  segment  an  image,  i  nese 
segments  correspond  roughly  to  ice  (e.g.,  first,  second, 
and  multi"“ar  types)  and  water  (e.g.,  new  ice,  frazil,  open 
water).  L  -ification  and  segmentation  techniques  are 
fairly  well  di...,ussed  in  literature.  The  next  step  is  to 
identify  contiguous  regions  which  roughly  correspond  to 
floes.  The  latter  step  of  identifying  contiguous  regions 
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requires  further  elaboration. 

The  problem  of  how  to  identify  specific  regions  is 
simple  conceptually.  Each  spatial  cluster  of  pixels 
corresponds  to  a  region.  Each  region  is  issued  an 
identification  tag.  The  problem  would  be  simple  if 
regions  were  non-connecting.  However,  in  even  highly 
fragmented  scenes  of  ice,  regions  may  be  weakly 
connected. 

To  address  the  problem  of  weakly  connected 
regions,  we  have  used  the  following  algorithm.  Start  with 
a  binary  image:  ones  for  ice,  zeroes  for  water.  Create  a 
list  of  coordinates  corresponding  to  those  pixels  that  have 
a  value  of  one.  Select  a  pixel  from  that  list  and  label  it 
active.  Set  that  pixel’s  eight-connected  neighbors  as 
active.  After  determining  the  initial  pixel’s  neighbors, 
designate  it  solid. 

The  next  sequence  is  iterative.  Using  active  pixels, 
determine  the  next  layer  of  potential  pixels.  A  potential 
pixel  is  eight-connected  to  an  active  pixel.  A  potential 
pixel  is  also  on  the  ones-list  and  is  not  solid.  Eliminate 
weakly  connected  potential  pixels.  A  potential  pixel  is 
eliminated  if  and  only  if  it  fails  to  be  connected  to  a 
certain  number  and  orientation  of  solid  or  active  pixels. 
Set  the  current  active  pixels  to  solid.  Set  the  remaining 
potential  pixels  to  active.  Repeat  and  continue  until  no 
more  potential  pixels  can  be  found.  Figure  3  exemplifies 
this  seciuence. 


Figure  3.  Identification  process  of  a  62  pixel  object.  Solid  pixels 
are  determined  as  part  of  the  object.  Gray  pixels  are  new  locations 
that  have  been  determined  as  part  of  an  object.  From  the  gray  pixel 
location,  new  candidates  for  solid  pixels  are  chosen. 

After  iteration,  all  pixels  belong  to  a  region.  These 
pixels  can  now  be  tagged.  Pixels  llial  aic  tagged  are 
removed  from  the  ones-list.  A  new  region  is  started  from 
a  location  in  the  ones-list.  The  entire  procedure  repeats 
until  no  more  pixel  locations  exist  in  the  list.  See  Figure  4 
for  an  example. 


(a)  (b) 

Figure  4.  A  20  X  20  pixel  example  demonstrating  weakly  connected 
regions,  (a)  Binary  image  showing  seven  weakly  connected 
objects,  (b)  Result  of  algorithm  applied  to  (a).  Seven  regions  are 
identified  and  each  region  is  tagg^  with  a  particular  intensity  value. 
Note  that  objects  of  one-pixel  width  ate  filtered  out  completely.  The 
object  described  in  Figure  3  is  part  of  (a). 

The  amount  of  inter-region  filtering  depends  on 
what  criteria  are  used  to  eliminate  potential  pixels  from 
further  consideration.  The  current  algorithm  requires 
that  a  potential  pixel  have  two  adjacent  eight-connected 
neighbors  that  are  either  solid  or  active.  Consequently, 
the  algorithm  defines  weakly  connected  regions  as 
regions  connected  by  comer  or  by  one-pixel  bridges. 
More  stringent  criteria  can  be  applied  for  greater  inter¬ 
region  filtering. 


5.  Application:  Registration  with  Moments 

A.  Object  Registration  Algorithm  with  Invariant 
Moments 

We  selected  a  pair  of  20  x  20  km  subimages  from 
SEAS  AT  image  pairs  1409  and  1452  for  demonstration. 
The  images  were  sub-sampled  to  create  100  m  pixels  to 
simulate  ERS-1  data.  Subsequently,  quadtree-reductions 
smoothed  the  image  to  200  m  pixels.  Subimages  were 
then  extracted.  Binary  images  were  created  from  the 
subimages  with  a  simple  segmentation  based  on 
thresholding  a  mean  image  generated  by  a  3  x  3  pixel 
window.  Figure  5  shows  the  resultant  binary  image  pair. 


(a)  (b) 

Figure  5.  Binary  subimages,  (a)  1409  subimage  of  pair  a.  (b)  1452 
subimage  of  pair  b. 

The  identification  algorithm  was  applied  to  both 
image  pairs.  The  identifier  distinguished  14  objects  from 
Figure  5(a)  and  19  objects  from  Figure  5(b)  greater  than 
8  pixels  in  size.  (See  Figure  6.) 
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Figure  6.  Identified  Objects.  Most  of  the  salient  features  were 
retained  in  the  process,  (a)  1409  subimage,  (b)  1452  subimage. 

After  identifying  tlie  location  of  each  object,  a 
tracking  scheme  could  assemble  and  append  other 
attributes .  For  example,  we  constructed  the  following 
object. 

Struct  object 
t 

list  of  ''oordinates  of  this  object* 

an  identiiication  tag; 

number  of  pixels  in  this  object; 

/*  for  sorting  by  mass  */ 
vector  of  invariant  moments; 

)! 

The  vector  of  invariant  moments  is  based  on  Hu's 
.set  of  seven  invariant  measures  (Hu,  1962).  These 
measures  are  approximately  invariant  for  digital  images 
under  translation,  rotation,  and  scaling.  A  fast  means  of 
computing  these  moments  on  general-purpose  computers 
is  described  by  Zakaria,  et  al.  ( Zakaria,  1988). 

Further  filtering  of  objects  was  applied. 

Ambiguous  objects,  usually  less  than  100  pixels  in  size, 
were  removed  from  further  consideration.  Objects 
which  intersected  the  image  border  were  also  removed. 

The  remaining  objects  were  sorted  by  size.  The 
size  of  objects  remaining  in  the  first  image  dictated  the 
scope  of  search  in  the  second  image.  Objects  in  the  second 
image  were  roughly  the  same  size  as  objects  in  the  first 
image.  In  this  example,  we  chose  object  sizes  in  the 
second  image  to  be  ±50  percent  of  an  object  size  in  the 
first  image. 

Finally,  the  invariant  moments  of  each  object  were 
compared.  The  similarity  measure  we  used  was 

7 

W  =  X  l|logl<Pi(i)||-llofi(P2(i)||l 

!■  i 

where  (p  is  an  invariant  moment  from  either  object  1  or  2. 


B.  Results 

Two  objects  can  be  manually  registered  based  on 
the  binary  image.  ITiese  matching  floes  correspond  to; 
Objects  in  1409  and  Object  1  in  1452;  Object  10  in  1409 
and  Object  10  in  1452.  See  Figure  7. 


Using  object  mass  for  filtering,  only  one  possible  match  is 
made  between  Object  3  (1409)  and  Object  1(1452).  The 
match  is  verified  with  a  similarity  measure  of  .83  (a 
perfect  match  is  0,  wrong  matches  may  span  several 
orders  of  magnitude).  Mass  and  border  criteria  narrow 


Figure  7.  Matching  Floes,  (a)  Object  3: 1409.  (b)  Object  1: 1452. 
(c)  Object  10: 1409.  (d)  Object  10: 1452. 

the  list  of  possible  matches  to  Object  10  (1409)  to  3 
choices.  The  similarity  measure  determines  that  Object 
10  (1452)  is  a  correct  match. 

6.  Discussion 

Ambiguities  and  missed  hits  will  occur  with  the 
smaller  objects.  A  limitation  of  how  small  an  object  can 
be  matched  is  dependent  on  the  performance  of  the 
classifier  which  precedes  identification.  For  example, 
Objects  1 1  in  both  1409  and  1452  are  matched  floes; 
however,  the  binary  image  of  Object  1 1  in  1409  is  very 
different  from  the  binary  image  in  1452.  Likewise, 
Objects  16-19  in  1452  are  actually  contiguous  in  the 
grayscale  image.  We  would  expect  incomplete 
representations  from  the  simple  classifier  used.  A  more 
rigorous  classifier  would  help  in  keeping  the  ambiguities 
down. 

The  above  example  demonstrates  a  simple 
application  of  objects  in  problems  of  automatic  sea -ice 
tracking  in  the  Marginal  Ice  Zone.  Objects  were  used  to 
parse  more  complex  scenes  into  parts  which  can  be 
analyzed  individually.  Objects  were  also  used  to  keep 
related  features  of  mass  and  invariant  moments  Oiganized 
and  in  context  of  one  another.  Finally,  objects  were  used 
to  match  floes  from  one  frame  to  another —  a  step  which 
precedes  creating  a  displacement  map  for  tracking. 
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ABSTRACT 

Infrared  imagery  from  polar-orbiting  satellites 
provides  a  synoptic  and  long-term  view  of  lead 
patterns  in  Arctic  pack  ice.  The  large  quantity  of 
satellite  data  in  image  form  suggests  the  use  of 
automated  methods  for  compiling  lead  statistics  from 
imagery.  A  Hough  transform  technique  for  the  semi- 
automated  extraction  of  lead  orientation  and  spacing 
Is  described  and  first  results  are  presented. 

KEY  WORDS:  SEA  ICE,  LEADS,  HOUGH  TRANSi'ORH,  AVHRR 


1.  INTRODUCTION 

Sensors  on  polar-orbiting  satellites  produce  digital 
imagery  with  which  the  regional,  seasonal,  and  annual 
variability  of  large-scale  lead  patterns  i.”  Arctic 
pack  ice  can  be  studied.  The  inf cared  AVhRP  sensor 
on  board  the  NOAA  series  is  well  suited  tu  this  task 
because  of  its  nearly  arctic-wide  swath  and  revisit 
frequency  of  several  times  per  day.  Thermal  data 
offers  day  and  night,  year-round  coverage.  However, 
cloud  contamination  is  often  a  problem  at  high 
latitudes,  and  because  AVHRR  imagery  has  a  resolution 
of  1km  at  nadir,  only  large  leads  are  resolved. 

Within  these  limitations,  characteristics  of  a  lead 
ensemble  such  as  average  lead  width,  length,  spacing 
and  orientation  can  be  obtained  from  i-eagery  and 
related  to  atmospheric  and  oceanic  stress  fields  and 
to  surface  fluxes. 

Satellite  remote  sensing  provides  the  spatial  and 
temporal  coverage  necessary  to  compile  a  climatology 
of  lead  characteristics.  With  this  advantage  comes 
the  task  of  extracting  lead  features  from  large 
amounts  of  image  data.  Here  a  method  for  the  semi¬ 
automatic  extraction  of  lead  orientation  and  spacing 
from  binary  Images  of  leads  is  presented.  Although 
demonstrated  with  AVHRR  Imagery  the  technique  is 
suitable  for  any  digital  imagery  in  which  lead  pixels 
can  be  distinguished  from  background  pixels. 

2.  THE  HOUGH  TRANSFORH 

The  Hough  transform  is  a  computer  vision  tecnnlque 
for  detecting  lines,  circles,  or  other  shapes  in 
imagery.  Recently  it  has  found  application  in  remote 
sensing  (Cross,  1988),  where  its  speed,  flexibility 
in  extracting  shapes,  and  relative  insensitivity  to 
image  noise  makes  it  an  attractive  alternative  to 
other  methods  for  object  recognition.  To  implement 
the  transform,  an  edge  detector  or  other  method  for 
identifying  leads  is  first  applied  to  the  image. 


Each  pixel  of  the  image  is  classified  as  either  a 
lead  pixel  or  not  a  lead  pixel.  Pixels  identified  as 
lead  pixels  in  image  space  are  then  mapped  into 
"parameter  space",  where  parameters  are  those  which 
describe  the  shape  being  sought.  Here,  it  is  assumed 
that  lead  pixels  are  roughly  colinear  points, 
therefore  the  transform  is  employed  as  a  line  finder 
using  the  normal  parameterization  of  a  line 

p  =  X  cosd  +  y  sinfl 

where  B  is  the  angle  of  a  normal  to  the  line  and  is 
its  distance  from  the  origin  (Fig.  la).  Parameter 
space  is  represented  as  an  accumulator  array  of 
discrete  d,p  values.  For  an  (x,y)  image  pixel,  9  is 
Incremented  from  0  to  180  in  steps  of  one  degree  and  P 
calculated  for  each  $  .  Accumulator  element  (d,p)  is 
incremented  for  each  pair.  Every  lead  point  in  the 
image  is  therefore  transformed  into  a  sinusoidal 
curve  of  180  points  in  the  accumulator,  where  each(9,p) 
element  of  the  curve  describes  possible  lines  through 
that  image  point.  If  points  in  image  space  are 
members  of  the  same  line,  curves  formed  by  those 
points  will  cross  in  parameter  space  at  the  (9,p)element 
which  describes  the  line  (Fig.  lb).  That  element 
will  have  a  higher  value  than  surrounding  elements  in 
the  accumulator  array  (Duda  and  Hart,  1972).  The 
accumulator  array  can  be  thought  of  as  a  2-d 
histogram  of  the  frequency  with  which  points  occur  on 
a  given  line.  Peaks  in  the  accumulator  above  a  noise 
threshold  correspond  to  lines  in  the  image. 


IMAGE  SPACE 


PARAMETER  SPACE 


Fig.  1.  The  Hough  transform  maps  points  from  image 
space  (la)  into  parameter  space  (lb).  See  text  for 
explanation. 
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3.  APPLIC'.TION  TO  LEAD  FEATURES 

3.1  Test  Images 

Figure  ?  shows  the  AVHRR  image  of  the 
central  Arctic  from  which  test  images  l-.'i  were 
selected.  Image  resolution  varies  with  distance  from 
nadir.  For  simplicity,  we  will  assume  a  constant  1km 
per  pixel.  Leads  are  warmer  than  the  surrounding 
ice,  and  therefore  appear  as  dark  lines  in  infrared 
imagery.  Binary  images  were  created  from  images  1-4 
using  an  interactive  detrending  and  thresholding 
procedure  (Fig.  3b,  5a).  This  preprocessing  step  is 
critical,  as  the  Hough  transform  will  detect  only 
those  lines  which  appear  in  the  binary  image.  Future 
work  will  seek  to  make  this  step  less  subjective  and 
to  preserve  the  distinction  between  new,  dark  leads 
and  old,  light  leads  which  have  a  thicker  ice  cover. 
Fortunately,  the  Hough  transform  is  insensitive  to 
breaks  in  lead  lines  which  are  created  in  the 
thresholding  process. 

3.2  Transform  Procedure 

Fig.  4a  displays  the  accumulator  for  the  image  of 
Fig.  3b  in  image  form.  The  resolution  of  each  pixel 
is  one  degree  in  the  0  direction,  and  2km  in  the  P 
direction.  Peaks,  or  bright  points,  in  the 
accumulator  give  the  angular  orientation  (fl)  and 
normal  distance  to  image  origin  (p)  for  leads  in  the 
image.  Because  lead  pixels  are  only  approximately 
colincai,  peaks  will  be  spread  over  a  cluster  of 
points.  An  empirically  chosen  threshold  was  applied 
to  the  accumulator,  and  points  with  values  above  the 
threshold  (shown  in  Fig.  4b)  were  inverse-transformed 
to  determine  how  well  leads  in  the  binary  image  were 
detected  (Fig.  3c).  Parameter  space  caries  no 
information  on  the  position  of  line  end  points, 
therefore  calculated  lines  are  drawn  with  infinite 
length. 

The  inverse  transform  of  all  points  in  clusters  with 
values  above  the  threshold  results  in  a  fan  of  lines 
for  each  lead  in  image  space.  A  central  point  for 
each  cluster  in  Fig.  4b  was  inverse-transformed  to 
give  an  average  representation  of  each  lead  (Fig. 

3d).  All  prominent  leads  were  detected,  but  several 
short  or  less  prominent  leads  were  not,  because  they 
do  not  have  colinear  points  greater  in  number  than 
the  empirically  chosen  accumulator  threshold  of  51. 
The  near-vertical  line  on  the  right  in  Fig.  3d  is  a 
false  detection  -  at  least  52  points  lie  on  that  line 
in  image  space.  While  lowering  the  threshold 
increases  the  probability  of  detecting  all  leads,  the 
number  of  false  detections  rises  also.  Using  smaller 
images  mitigates  this  problem  to  some  degree  by 
lessening  the  chance  that  the  number  of  randomly 
colinear  points  will  exceed  the  number  of  points  in 
the  shortest  lead.  However,  detection  will  always  be 
biased  toward  longer  (and  straighter)  leads. 

In  Fig.  5,  inverse  transforms  for  images  2-4  using 
accumulator  cluster  centers  are  shown.  Thresholds 
were  lowered  until  the  first  occurrence  of  a  false 
detection,  and  then  raised  to  prevent  false 
detection. 

4.  RESULTS 

In  order  to  display  parameter  space  Information  as 
lead  orientation  and  spacing,  histograms  of  the 
frequency  with  which  points  occur  on  an  image  line 
are  plotted  (Fig.  6).  The  orientation  histogram  is 
found  by  summing  the  elements  in  columns  of  an 
accumulator,  such  as  that  of  Fig.  4b,  in  which  points 
below  the  threshold  have  been  set  to  0.  The  normal 
length,  or  distance  histogram,  is  found  by  summing 


Fig.  2.  NOAA-9  AVHRR  image  from  25  April, 
198d,  enhanced  to  highlight  leads. 


row  elements.  The  distance  histograms  have  peaks 
which  are  higher  and  sharper  than  those  for 
orientation,  in  part  because  orientation  may  change 
greatly  along  a  lead  while  the  normal  distance  to  the 
origin  stays  roughly  the  same.  Both  lead  length  and 
the  number  of  leads  having  the  same  orientation  or 
normal  distance  from  the  origin  contribute  to  the 
histograms  in  Fig.  6.  A  smoothed  version  of  the 
orientation  histogram  is  plotted  as  a  representation 
of  average  orientation.  It  is  of  note  that  for 
images  1  and  2,  orientation  peaks  are  separated  by 
about  30  degrees.  This  is  near  the  28  degree 
intersection  angle  Harko  and  Thompson  (1977)  found 
characteristic  of  Arctic  leads. 

The  spacing  between  peaks  in  the  distance  histogram 
is  an  approximate  measure  of  lead  spacing.  The 
histogram  is  treated  as  a  spatial  series  and  a 
Fourier  transform  performed.  Peaks  in  the  smoothed 
amplitude  spectrum  plotted  to  the  right  of  each 
distance  histogram  correspond  to  lead  spacings. 

Unlike  taking  an  average  of  lead  spacings,  this 
method  distills  spacing  information  while  preserving 

*he  blmodal  nature  of  lead  spacings  such  as  those  in 
image  1. 


5.  CONCLUSIONS 

The  Hough  transform  simplifies  the  analysis  of  Images 
for  lead  statistics.  It  yields  lead  orientation  and 
spacing  information  quickly  and  in  a  form  which  is 
easy  to  interpret.  As  demonstrated  here,  it  is  an 
incomplete  method  in  that  some  pre-processing  is 
required  to  produce  a  binary  image,  and  post- 
piuccssiiig  must  be  done  to  extract  average  lead  width 
and  length.  Within  these  limitations,  the  Hough 
transform  permits  semi-automated  extraction  of  lead 
parameters  from  digital  imagery.  Future  work  will 
attempt  to  fully  automate  the  procedure  by  setting 
the  accumulator  threshold  using  criteria  to  avoid 
false  detections  (e.g.  Gerlg,  (1987)).  In  addition, 
the  statistical  accuracy  of  the  method  must  be 
established. 
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Figure  6.  Lead  orientation  and  spacing  from  Hough 
transform  parameter  space*  Histograms  on  left, 
smoothed  orientation  histograms  and  smoothed  Fourier 
transform  of  distance  histograms  on  right. 
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ABSTRACT 

The  movement  and  characteristics  of  sea  ice  can  be  well 
observed  by  synthetic  aperture  radar  (SAR)  over  large  temporal  and 
spatial  scales.  Since  SAR  observations  can  be  made  through  clouds 
and  fog  and  without  solar  illumination,  they  are  well  suited  to  polar 
remote  sensing.  We  report  image  processing  techniques  for 
extracting  the  characteristics  of  pressure  ridge  features  in  SAR 
images  of  sea  ice.  The  methods  are  applied  to  SAR  images  of  the 
Beaufort  Sea  collected  from  SEASAT  on  October  3, 1978.  Bright 
filamentary  features  are  identified  and  broken  into  segments  bounded 
by  either  junctions  between  linear  features  or  ends  of  features. 
Ridge  statistics  are  computed  using  the  filamentap'  segment 
properties.  Estimates  of  the  density  of  sea  ice  ridging  and  the 
distribution  of  lengths  and  orientation  are  made.  The  information 
derived  is  useful  in  studying  sea  ice  characteristics  for  ice  science  in 
remote  sensing  (ice  classification)  .nnd  in  polar  off  shore  operations 
(ship  routing). 


Keywords:  SAR,  Sea  Ice,  Pressure  Ridges,  Image  Processing 


I.  INTRODUCTION 

The  movement  and  characteristics  of  sea  ice  can  be  well 
observed  by  synthetic  aperture  radar  (SAR)  over  large  temporal  and 
spatial  scales.  SAR  observations  can  be  made  through  clouds  and 
fog  and  without  solar  illumination.  SAR  observations  of  the  polar 
regions  are  planned  for  the  early  to  mid-I990's  by  the  European 
Space  Agency's  ERS-1  satellite,  the  Japanese  ERS-1  and  the 
Canada/USA  Radarsat.  An  important  part  of  the  ground  segment  of 
these  polar  observation  programs  is  automated  algorithms  for 
image  interpretation  which  will  produce  geophysical  data 
products  from  the  SAR  observations.  In  this  paper  we  present 
algorithms  for  extracting  the  characteristics  of  pressure  ridge  features 
in  SAR  images  of  sea  ice.  The  algorithms  are  applied  to  SAR 
images  of  the  Beaufort  Sea  collected  from  SEASAT  on  October  3, 
1978. 

Pressure  ridges  are  thought  to  appear  in  SAR  images  as 
irregular  bright  filaments  on  ice  floes.  This  interpretation  of  SAR 
sea  ice  images  is  made  by  analogy  with  visual  and  photographic 
observations  of  sea  ice  and  on  ice  experience,  e.g.  see  Welsh  et  al. 
(1986).  Pressure  ridge  features  in  sea  ice  are  important  in  both  sea 
ice  science  and  applications.  Ridges  structures  are  related  to  fracture 
by  inlemal  stresses,  momentum  transfer  from  wind  to  ice  (drag 
coefficient),  heat  transfer  and  keel  structures  beneath  the  ice.  Ridge 
characteristics  are  important  for  many  sea  remote  sensing 
applications,  such  as  ship  routing,  the  safety  of  offshore  structures 
and  ocean  acoustic  wave  scattering.  SAR  observations  by  satellite 
or  aircraft  coupled  with  automated  image  interpretation  can  provide 
accurate,  consistent  and  timely  information  to  both  the  sea  ice 
science  and  applications  communities. 


Our  objective  in  this  brief  paper  is  to  summarize  our  work  in 
automated  extraction  and  characterization  of  pressure  ridge  features 
in  SAR  sea  ice  images.  We  consider  a  small  region  (12x12  km)  of 
a  SEASAT  SAR  image  containing  both  leads  and  pressure  ridges.  A 
succession  of  image  processing  operators  is  applied  to  this  image 
resulting  in  the  extraction  of  ridge  features.  These  features  are  then 
characterized  in  terms  of  ridge  density  (total  ridge  length  per  unit 
area),  ridge  length  and  ridge  orientation.  These  statistics  are  then 
used  to  map  ridge  density  over  the  image  and  to  find  the 
distribution  of  ridge  lengths  and  orientations.  None  of  these 
quantities  is  uniformly  distributed. 


II.  APPROACH 

We  begin  our  approach  with  the  premise  that  pressure  ridges  in 
sea  ice  fields  correspond  to  bright  filamentary  features  in  SAR 
images.  This  premise  is  based  on  several  arguments.  First,  bright 
filamentary  features  in  SAR  images  correspond  in  form  to  pressure 
ridges  observed  in  aerial  photography.  Second,  the  typical  pressure 
ridge  is  composed  of  upraised  blocks  of  fractured  sea  ice.  Thus  the 
ridge  is  typically  much  rougher  than  the  surrounding  sea  ice  on  the 
scale  of  the  radar  wavelength  (=  23  cm  in  SEASA"?  SAR  images, 
such  as  Fig.  1).  Further,  in  most  situations,  one  face  of  the  ridge  is 


Fig.  1.  SEASAT  SAR  Image  of  sea  ice  in  the  Beaufort  Sea  near  74°  N, 
125°  W,  collected  on  orbit  1409  on  October  3,  1978.  The  pixel  size  is  100  x 
100  m  and  the  image  area  in  12.8  by  12.8  km.  The  SAR  data  were  digitally 
imaged  at  Jet  Propulsion  Laboratory  Nov.  19,1986. 
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tilted  toward  the  radar  so  that  the  radar  observes  it  at  nearer  normal 
incidence.  The  tilted  and  relatively  rough  surfece  of  the  ridge 
backscatters  radar  waves  more  strongly  ?t  oblique  incidence  than 
would  the  horizontal  and  relatively  smoother  ice  surrounding  the 
ridge  (Valenzula,  1978). 

Our  approach  to  ndge  extraction  and  characterization  begins 
with  two  parallel  operations,  a  thresholding  operation  to  identify 
bright  regions  in  the  image  and  a  line  detection  operation  using  a 
local  Kasvand  line  detection  operator.  The  results  of  these  two 
operations  arc  put  through  an  'and'  operation  to  find  linear 
features  which  are  associated  with  bright  regions.  This  operation 
identifies  pixels  which  belong  to  pressure  ridge  features.  To 
characterize  ridge  features  we  first  tliin  the  features  to  a  width  of  one 
pixel,  i.e.  100  m.  We  then  find  all  the  nodes  of  this  thinned  network 
of  ridges,  i.e.  the  intersections  and  end  points.  This  operation 
breaks  the  ridge  network  into  segments.  We  compute  the  ridge 
statistics  using  the  properties  of  these  segments,  i.e.  their  density, 
length  and  orientation.  Tliese  statistics  are  the  raw  data  for  sea  ice 
science  and  applications  as  discussed  below.  This  approach  and  the 
image  processing  techniques  used  to  implement  it  are  summarized  in 
the  block  diagram  of  Pig.  2. 


! 

^  ^  ^ 


Length  Orientation  Density 

Distribution  Distribution 


Fig.  2.  Schemaiic  block  diagram  of  processing  algonihm  to  extract  and 
characterize  pressure  ndge  features  in  SAR  images. 


III.  IMAGE  PROCESSING  TECHNIQUES 

The  image  processing  techniques  summarized  in  Fig.  2  begin 
with  the  raw  image  data  of  Fig.  1.  This  input  image  has  been 
averaged  to  produce  100  x  100  m  pixels.  Note  that  there  arc 
filamentaiy  structures  associated  with  both  lead-floe  boundaries  and 
pressure  ridge  features.  To  isolate  pressure  ridges  we  must  do  mora 
than  simply  find  linear  features.  The  procedure  used  here  is  an  'and' 
operation.  The  inputs  to  the  'and'  operation  are  bright  regions  found 
by  thresholding  the  image  to  isolate  the  brightest  20%  of  the  pixels 
The  result  of  the  thresholding  operation  is  shown  in  Fig.  3.  Note 
the  very  confused  structure.  Fig.  3  shows  that  thresholding  alone  is 
not  sufficient  to  isolate  pressure  ridge  features. 


Fig.  3.  Image  of  Fig.  1  processed  by  a  threshold  operation  to  show  the 
brightest  20%  of  the  pixels  in  white. 


The  filamentary  features  are  found  by  applying  a  local  line 
detector.  The  Kasvand  line  detector  was  implemented  for  this  study. 
This  method  convolves  a  series  of  5  x  5  pixel  templates  with  the 
image  pixels  to  find  locally  linear  features.  We  are  also  studying 
more  advanced  filametary  feature  detectors  for  application  to 
speckled  images  (Samadani  et  al.,  1989).  The  lines  detected  could 
be  used  as  they  stand  or  culled  to  remove  short  lines.  In  the  study 
perform  here  we  operated  in  two  ways.  For  the  main  study  we 
considered  only  those  features  with  6  or  more  pixels.  We  also 
maintained  a  data  set  without  culling  for  comparison. 

The  next  step  is  to  combine  the  bright  pixels  with  the  pixels  in 
linear  features.  This  is  done  by  performing  a  logical  'and'  operation 
on  the  bright  pixel  image  of  Fig.  3  and  the  output  of  the  line 
detector.  The  result  of  this  operation  is  shown  in  Fig.  4.  Note  that 
filamentary  ridge  features  are  more  prominent  than  in  Fig.  3  where 
only  brightness  was  considered.  In  addition  the  filamentary 
features  constituting  the  lead  boundaries  in  Fig.  1  are  removed  by 
our  processing  to  find  ridges. 

In  order  to  determine  ridge  statistics  a  better  defined  image  is 
easier  to  work  with.  We  therefore  thin  the  filamentary  features  of 
Fig.  4  to  a  width  of  one  pixel.  This  is  done  with  the  algorithm  of 
Sakai  et  al.  (1972)  as  implemented  on  the  HIPS  (Human  information 

package.  The  thinning  operation  applied  to  Fig.  4  results  in  Fig.  5. 
Some  of  the  features  now  have  less  than  6  pixels  due  to  the  thinning 
operation. 

We  now  deal  with  the  problem  of  filamentary  features  that  are 
interconnected.  We  determine  all  nodes,  i.e.  feature  intersections 
and  end  ."'oints.  This  allows  us  to  break  up  the  multiply  connected 
featui.-.s  and  compute  our  statistics  on  the  segments  connecting 
nodes. 
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l•'lg.  '1.  Result  of  logieal  'and'  operation  to  determine  pixels  which  ate  both 
hiiphl  and  in  a  lineiu  feature. 


S'cvurtil  ridge  statistics  arc  cuinpiitcd  here  although  other 
statistical  quaiitilies  could  no  defined  and  computed  from  the 
information  derived  to  this  point.  The  ridge  feature  statistics 
computed  here  arc  the  density  of  ridging  per  unit  area,  the 
distribution  of  ridge  lengihs  and  the  distribution  of  ridge 
orientations.  The  density  of  ridges  could  be  computed  in  several 
ways.  We  begin  by  denning  the  ridge  density  as  the  number  of 
pixels  in  ridge  features  in  a  5  x  5  km  area.  There  are  four  such 
blocks  in  Tig.  I  with  a  little  area  left  over.  The  features  could  be 
defined  in  several  ways  such  as  the  bright  pixels  in  the  ihresholdcd 
image  of  I'ig.  3,  the  results  of  the  logical  'and'  operation  shown  in 
Pig.  4,  or  the  thinned  ridge  features  in  Pig.  5. 


Fic.  5  Thinned  ridg/'t  re^iddiicj  frnm  annlwJno  d’s  Cf 

Sakai  ct  al  tt972)  to  the  results  in  Pig  4  Poaiurcs  are  restricted  to  a  width  of 
one  pixel. 


The  length  of  a  ridge  segment  is  simply  the  total  length  along 
the  filamentary  feature  between  nodes.  This  may  well  be 
significantly  longer  than  the  distance  between  nodes.  The 
orientation  of  a  ridge  segment  is  the  orientation  of  the  line  between 
the  nodes  defining  the  segment. 


IV.  iui)(;ic  S'l'ATisrics  rhsui/i'S  and 
APPLICATIONS 

The  density  results  arc  shown  schematically  in  Pig.  6.  The 
numbers  in  the  5  x  .3  km  boxes  represent  different  methods  for 
estimating  the  ridge  density  per  unit  area.  'Ilic  top  number  uses  the 
tliiesfiolded  pixels  of  Pig.  3  to  determine  the  ridge  density.  Tlie  two 
numbers  in  the  left  hand  column  use  the  results  for  ridge  features 
having  no  limits  on  the  number  of  pixels,  i.c.  ridges  with  <  6  pixels 
arc  included.  The  upper  of  these  two  numbers  uses  tlic  unthinned 
ridges,  while  the  bottom  number  uses  the  thinned  ridges.  The  two 
numbers  in  the  right  hand  column  use  only  those  features  with  6  or 
more  pixels,  bclore  thinning.  The  upper  number  uses  the  unthinned 
ridges  of  Pig.  4,  while  the  bottom  number  uses  the  thinned  ridges  of 
Pig.5.  A  comparison  of  the  results  of  Pig.  6  with  the  originiil  image 
of  Pig.  I  shows  that  all  these  measures  of  ridge  density  are 
qualitatively  correct.  The  region  at  lower  left  clearly  has  the  most 
ridge  features. 


Pig.  0  Ridge  density  disinliution  for  5x5  kill  areas  in  Pig.  I.  'Ihe  thin 
lirir  iiidicale,s  llie  uiillinc  of  the  lolal  area  of  Pig.  I.  The  numbers  represent 
diffcrciii  nielliods  of  calculating  ilie  ridge  density  [icr  unit  area. 


The  ridge  length  distribution  is  shown  in  Pig.  7,  The 
distribution  is  rather  flat  for  the  shorter  lengths  (<  .6  km)  and 
decreases  markedly  at  the  longer  lengths.  The  average  ridge  length 
is  some  400  to  600  m  with  few  ridges  longer  than  1  km.  A  similar 
di.stribtition  was  computed  using  all  the  features  regardless  of 
number  of  pixels.  It  snows  more  features,  but  is  not  significantly 
different  in  shape. 


!  he  OricrituilOn  diStriviuiOn  is  snown  Ill  r'ig.  0.  1  llis 

distribution  was  calculated  us:  ,  only  those  features  with  more  than 
6  pixels  before  thinning.  Again  a  distribution  was  also  calculated 
using  features  of  all  lengths,  and  the  distribution  shape  was  not 
significantly  affected.  A  distinct  preference  for  the  horizontal 
direction  (0°  or  1 80°)  is  shown  in  the  distribution. 


Histogram  of  Thinned  Features 
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Fig.  7.  Histogram  of  ridge  lengtlis  determined  from  data  including  only 
features  of  6  or  more  pixels. 


Histogram  of  Thinned  Features 


V.  CONCLUSIONS 
Wc  sunimarize  our  conclusions  as  follows: 

1.  Image  processing  techniques  have  been  demonstrated 
to  show  that  ridge  structures  in  SAR  sea  ice  images  can  be  extracted 
automatically. 

2.  Ridge  stmeture  statistics  can  be  estimated  from  SAR 
sea  ice  images. 

3.  Ridge  structure  information  derived  from  SAR  itttages 
should  be  useful  in  both  ice  science  and  off  shore  operations. 
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Fig.  8.  Histogram  of  ridge  orientations,  determined  from  data  inciuding 
oniy  ridge  features  of  6  or  more  pixeis. 

Applications  for  the  information  derived  here  occur  iii  ice 
science  and  for  off  shore  operations  in  polar  regions.  Ridge 
structures  are  important  in  determining  air  drag  as  discussed  fay 
Bums  and  Wegener  (1988).  In  air  drag  calculations  the  ridge 
statistics  considered  here  could  form  an  input  to  estimate  the  drag 
coefficient.  The  statistical  structure  of  the  fracturing  of  the  ice  is 
indicative  of  internal  and  external  stresses  imposed  upon  the  ice. 
Thus  ridge  measurements  as  demonstrated  here  could  be  used  as 
information  on  the  history  of  the  sea  ice  observed  and  possibly  as  a 
predictor  for  future  lead  and  ridge  formation.  .Sea  ice  keels  are  (he 
undersea  counterpart  of  the  ridges  on  the  top  of  the  ice.  Thus  the 
riugc  iriforniailuii  extidi-icd  iieic  cuuiu  be  useful  in  estimating  liic 
keel  structure  underneath  the  ice. 

For  off  shore  operations  in  polar  regions  pressure  ridges 
present  a  significant  hazard.  The  ridges  and  corresponding  keels  are 
the  thickest  part  of  the  ice  and  hence  present  the  greatest  haMrd  to 
even  ice  strengthened  ships.  Similarly  ridges  also  form  a  significant 
hazard  to  ice  off  s.iore  engineering  structures. 
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Abstract. 

This  paper  addresses  automatic  estimation  of  sea  ice 
kinematics  using  a  time  sequence  of  satellite  images. 
The  aim  of  this  study  was  to  arrive  at  an  elTiciont  (non¬ 
calculation  intensive),  but  at  the  same  time  accurate 
algorithm,  based  on  the  imago  pyramid  method. 

Some  other  algorithms  also  use  the  imago  pyramid 
method.  A  new  addition  in  this  approach  is  the  search 
method.  Instead  of  performing  a  total  roarch  in  a  limi¬ 
ted  area,  a  two-dimensional  binary  search  is  used.  This 
can  reduce  the  number  of  correlations  by  orders  of 
magnitude,  depending  on  the  size  of  the  soorch  area. 

The  results  from  this  system  was  compared  with  a 
manually  estimated  motion  in  a  pair  of  satellite  images 
The  two  vector  fields  showed  a  high  degree  of  corres¬ 
pondence.  In  addition  to  this  test,  synthetically  con 
struclod  image  sequences  with  shear  motion  wore  run 
through  the  system  to  got  a  quantitative  measure  of  the 
errors  in  the  vector  field.  These  tests  showed  a  percen¬ 
tage  of  correctly  estimated  vectors  between  70%  and 
97%,  depending  on  difibront  factors  that  will  bo  discus¬ 
sed. 

1.  Introduction. 

In  the  last  years  there  has  been  much  activity  in  the 
field  of  ice  motion  estimation.  Most  of  the  methods  are 
based  on  estimation  of  correlation  factor  between  blocks 
in  a  pair  of  satellite  images.  The  simplest  way  is  to 
divide  the  images  into  square  blocks  and  make  a  total 
search  for  the  highest  correlation  factor  in  a  limited 
area.  The  main  drawback  with  this  method  is  the 
amount  of  calculations  that  is  needed  to  get  a  vector  field 
of  acceptable  density. 

Some  methods  has  been  suggested  to  lighten  the 
burden  of  calculations.  Collins  &  Emery  [2]  and  Nmnis 
et.  al.  [8]  use  a  Fourier  transform  of  the  images  for  the 
motion  estimation  (Matched  filtering).  By  calculating 
the  correlation  in  the  frequency  domain  instead  of  the 
time  domain  the  convolution  between  the  image  blocks 
is  transformed  to  a  multiplication,  and  the  motion  can 
bo  estimated  in  one  operation. 

The  approach  to  the  problem  that  this  work  is 
based  on  is  the  image  pyramid  method.  Earlier  woi'k  on 


this  method  has  been  done  by  Fily  &  Rothrock  [3]  and 
Samadani  [11]. 

The  algorithm  is  planned  to  bo  used  to  extract  ice- 
kinematic  information  from  the  satellite  imagery  that 
will  bo  acquired  by  the  ERS-1  satellite.  The  results  of  the 
motion  estimation  will  bo  used  as  part  of  the  input  to  a 
Hibler-Prellor  dynamic/thormodynamic  model  on  the 
Barents  Sea  that  is  developed  at  NRSC  in  cooperation 
with  NORDA.  For  roforoncos,  see  [6],  [9]  and  [10]. 

2.  Image  Pyramid  Method. 

An  image  pyramid  is  a  set  of  images  derived  from  a 
single  imago,  all  showing  the  same  motive  but  with 
varying  resolutions.  The  pyramid  is  made  by  low-pass 
filtering  and  sub-sampling  the  original  image.  The 
resultant  imago  is  shown  in  figure  1.  The  low-pass  filter 
used  in  this  study  is  developed  by  Burt  [1]. 


Figure  1:  Imago  Pyramid. 

The  advantage  of  the  image  pyramid  is  that  a 
rough  estimate  of  the  motion  can  be  calculated  from  the 
images  with  the  coarsest  resolution  with  few  corre¬ 
lations.  This  estimate  will  be  used  as  the  start  value  for 
a  search  on  the  next  level  in  the  pyramid.  Due  to  this 
start  value  we  can  limit  the  search  on  the  higher  levels 
to  a  smaller  area. 
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The  image  pyramid  method  also  has  an  advantage 
in  its  possibility  of  noise  t eduction.  This  can  be  done 
during  the  motion  estimation  by  filtering  the  vector 
field.  A  common  method  is  median  filtering  Median  fil¬ 
tering  will  remove  noise  spikes,  i.e.  vectors  that  are 
unlikely  compared  with  their  neighbors.  Several  met¬ 
hods  of  median  filtering  has  been  evaluated,  and  the 
best  results  up  to  now  have  come  from  an  HR  median 
filter  that  filters  the  displacement  in  the  two  directions 
separately. 

The  use  of  median  filtering  is  based  on  the 
assumption  that  the  displacement  vector  field  will  bo 
consistent.  Since  the  motion  of  the  ice  fioes  and  pack  ice 
in  adjacent  image  blocks  cannot  be  totally  inconsistent, 
this  is  a  natural  assumption  to  make. 

For  a  more  exhaustive  description  of  the  image 
pyramid  method,  see  [11]  and  [12]. 

3.  Binary  Search. 

The  new  part  of  this  system  is  the  search  algorithm. 
This  is  a  two-dimensional  extension  of  the  binary  or 
logarithmic  search.  This  method  was  developed  by  Jain 
&  Jain  [6]  and  modified  by  Kappagantula  and  Rao  [7].  It 
was  originally  intended  for  motion  compensated  coding 
of  video  signals,  a  field  closely  related  to  this  motion 
estimation. 

The  one-dimensional  binary  search  requires  a 
sorted  data  set  and  a  distance  measure  that  is  monoto- 
nically  increasing  away  from  the  optimal  position.  This 
requirement  must  also  be  fulfilled  in  the  two-dimen¬ 
sional  case  for  both  dimensions  if  the  algorithm  shall  be 
able  to  find  the  optimal  displacement.  The  distance  (or 
rather  closeness)  measure  as  employed  here  is  a 
normalized  correlation  coefficient.  Tests  show  that  this 
measure  will  be  monotonically  decreasing  in  both 
dimensions  within  a  limited  area  around  the  optimal 
position.  The  extent  of  this  area  depends  on  the 
distribution  of  spatial  frequencies  in  the  image  and  the 
window  size  of  the  correlation  function.  Therefore,  if  the 
search  shall  succeed,  the  peak  of  the  correlation  func¬ 
tion  must  be  included  in  the  initial  search  area,  see  fig. 
2&3. 


Figure  2:  The  peak  of  the  correlation  function.  The 
function  is  monotonically  decreasing  in  both 
dimensions. 


Figure  3;  The  correlation  function  calculated  over  a 

larger  area.  The  function  is  not  monotonically 
decreasing. 

The  algorithm  can  be  described  as  follows: 

1.  Given  a  sub-block  of  image  1  and  a  search  area 
in  image  2. 

2.  Start  the  search  by  calculating  the  correlation 
that  corresponds  to  zero  displacement.  Then  find  the 
correlation  for  four  areas,  the  position  of  which  corres¬ 
ponds  to  a  displacement  d  that  is  half  of  the  maximum 
displacement  along  the  axes  from  the  origin.  If  the  cen¬ 
ter  position  has  the  highest  correlation  go  to  step  3b, 
otherwise  go  to  step  3a. 

3a.  Find  the  correlation  for  two  areas  located  at  a 
distance  d  normal  to  the  direction  from  the  origin  to 
the  last  optimal  position.  Compare  these  and  the  last 
optimal  position  and  use  the  best  as  the  new  starting 
point  in  step  3b. 

3b.  Do  the  same  as  in  step  2,  but  with  d  » fd  /2 1. 

4.  Continue  the  search  until  d  <  1. 
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Figure  4:  Search  pattern  with  a  maximum 
displacement  of  6  pixels. 
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To  clarify  this  we  show  an  example  of  the  search 
with  maximum  displacement  =  6  pixels  in  figure  4.  The 
search  starts  in  the  origin  (a)  which  corresponds  to  zero 
displacement.  The  correlation  coefficient  is  compared 
with  four  other  values  as  described  above.  The  position 
of  these  is  marked  b  in  fig.  4.  Position  (0,3)  is  the  optimal 
(marked  with  a  grey  X).  According  to  step  3a  above  two 
positions  marked  c  are  compared  with  the  last  value. 
From  this  comparison  the  position  (3,3)  is  the  optimal. 
The  search  goes  on  with  d=2  to  the  positions  marked  d 
and  e,  and  at  last  with  d=l  to  positions  f  and  g  where  the 
final  optimal  position  within  the  search  area  is  found. 

4.  Results. 

The  testing  of  the  algorithm  was  done  with  a  pair  of 
NOAA  images  from  the  Fram  Strait  and  with  pairs  ot 
images  that  had  a  synthetically  generated  motion.  The 
latter  part  of  the  test  was  performed  to  obtain  a 
quantitative  error  measurement. 

4.L  Testing  with  a  synthetic  motion. 

Two  pairs  of  images  were  used.  Both  had  a  shear 
motion  with  a  displacement  of  5  and  -5  pixels  on  the 
image  halves.  One  pair  had  a  stretched  histogram  and 
thereby  a  good  contrast,  see  fig.  5,  while  the  other  pair 
had  a  very  narrow  histogram,  see  fig.  6.  The  results 
from  the  tests  are  given  in  tables  1  and  2  and  an 
example  of  displacement  vectors  in  figure  7. 


Window  size 

^correctly  estimated 

8x8 

71 

16x16 

88 

32x32 

97 

64x64 

96 

Table  1:  Results  from  image  pair 
with  stretched  liistogram. 


Window  size 

ttcorrect'y  estimated 

32x32 

78 

64x64 

79 

Table  2:  Results  from  image  pair 
with  narrow  histogram. 


histogram. 


histogram. 


Figure  7:  Displacement  vectors. 


As  can  be  seen  from  tables  1  and  2  the  contrast 
plays  an  important  role  for  the  result.  Stretching  of  the 
histogram  should  therefore  bo  done  as  a  preprocessing 
of  the  image  pair. 

In  addition  to  this  we  see  that  the  size  of  the  win¬ 
dow  has  an  impact  on  the  results.  A  large  window  will 
produce  a  more  confident  correlation  estimate.  Opposed 
to  this  is  the  system's  ability  to  describe  motions  that  are 
not  purely  translatoric.  These  are  estimated  more  cor¬ 
rectly  if  the  window  size  is  smaller  and  the  vector  field 
more  dense.  Judging  from  table  1  a  window  size  of  32x32 
pixels  seem  optimal.  This  parameter  must  probably  be 
adjusted  according  to  the  satellite  data  used. 

4.2.  Testing  with  a  real  sequence  of  Images. 

The  purpose  of  the  testing  done  with  the  real  sequence  of 
images  was  to  compare  manual  and  automated  vectors. 

In  most  part  of  the  images  the  automated  vectors 
correspond  to  the  manual  ones.  Problems  arise  in  areas 
which  are  cloud  covered  in  one  or  both  of  the  images. 
These  vectors  have  a  low  correlation  coefficient  and  can 
be  pruned  by  setting  a  threshold  on  the  correlation  coef¬ 
ficient.  Featureless  areas  also  give  a  poor  result  for  both 
manual  and  automated  vectors.  The  best  results  are 
achieved  in  the  central  part  of  the  image,  where  therfe 
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are  several  distinct  ice  floes.  By  superimposing  the  two 
time-sequence  images  one  can  confirm  the  accuracy  of 
the  extracted  displacement  vectors,  figures  8  and  9 
show  the  automated  vectors  overlaid  on  the  image 
sequence. 

\  I  »  I  /  f 


/■'  '  ' 


Figure  8:  Displacement  vectors  overlaid  on  the  first 
image  in  the  sequence. 


ir'  '1 

Figure  9:  Displacement  vectors  overlaid  on  the  last 
image  in  the  sequence. 


5.  Conclusions. 

In  this  paper  we  have  discussed  a  fast  algorithm  for  sea 
ice  motion  estimation. 

We  have  shown  that  the  algorithm  gives  on  accept¬ 
able  result  with  a  real  sequence  of  satellite  images  and 
an  error  rate  of  3-30%  with  a  85rnthetic  motion. 

The  result  from  the  algorithm  depend  on  several 
factors.  We  have  shown  that  the  window  size  the  maxi¬ 
mum  displacement  and  the  noise  reduction  system  (i.e. 
the  median  filtering)  all  have  impact  on  the  result.  The 
parameters  for  window  size  and  maximum  displace¬ 
ment  should  be  adjusted  to  fit  the  satellite  system  that  is 
uiupluycu. 

This  system  was  developed  for  image  processing 
systems  with  little  capacity,  and  therefore  emphasis 
was  put  on  the  effectivity  of  the  algorithm.  Using  the  2D- 
binary  search  algorithm  the  motion  estimation  on  a 
pair  of  512x512  pixels  images  takes  27  minutes  with  a 
Sun  3E  piocessor  (similar  to  Sun  3/60  workstation). 


The  search  algorithm  will  probably  not  be  able  to 
give  a  good  motion  estimate  under  all  conditions.  It  is 
dependent  on  a  monotonically  decreasing  correlation 
function  within  the  search  area  in  order  to  be  able  to 
detect  the  optimal  position.  An  image  that  generally  has 
small  features  and  thereby  high  spatial  frequencies, 
will  have  a  smaller  area  where  the  correlation  function 
is  monotonically  decreasing.  The  results  are  being 
evaluated  in  order  to  develop  a  more  comprehensive 
algorithm  that  can  perform  motion  estimation  under 
more  variable  conditions. 
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The  Alaska  SAR  Facility  (ASF)  is  a  NASA  program  to  implement  and  operate  a  facil¬ 
ity  at  the  University  of  Alaska  Fairbanks  for  the  aeipiisilion  and  processing  of  data 
from  ERS-1,  and  to  administer  science  program  investigalions  using  the  data  The 
original  configuration  of  ASF  consisted  of  the  Receiving  Ground  Station,  the  SAR 
Processing  System  and  the  Archive  and  Operations  System  (AOS;.  These  major  sys¬ 
tems  making  up  the  ASF  are  to  be  augmented  by  image  aiial)sis  processors  designed 
to  develop  specific  geophysical  information  from  the  SAR  images.  A  Geophysical  Pro¬ 
cessing  System  (GPS)  is  being  implemented  which  will  routinely  prore-ss  SAR  images 
of  sea  ice  to  produce  fields  of  ice  motion  and  ice-ty]ic  coneeiilration  to  support  studie.s 
of  ICC  dynamics  and  to  update  operational  predictive  ice  models  for  the  ice  covered 
waters  in  the  ASF  station  mask.  To  accomplish  the  determination  of  ice  motion  and 
ICC  type  the  Cl’S  will  utilize  a  complex  icc  .segmental ion  and  iraeking  algoritliiii  'Fins 
procedure  will:  Segment  and  cl.a.ssify  the  icc  floes  m  a  newly  nitpiiied  image,  predict 
the  previous  trajectory  of  the  floes  in  the  image,  seaicli  the  AOS  for  a  suitable  prevt 
ous  image  along  the  predicted  trajectory,  ingest  the  previous  iiiiage,  perform  segmen¬ 
tation  on  the  previous  image,  determine  ice  motion  through  a  Ineian liieal  tiackiiig 
analysis  on  the  image  pair,  interpret  the  quality  and  compreliensivene.ss  of  the  track¬ 
ing  procedure  (relative  to  whether  it  should  be  repealed  on  another  previous  image), 
and  write  the  derived  information  back  into  the  AOS.  For  this  study  the  GPS  in  its 
interim  configuration  was  used  to  process  a  .sequence  of  SEASAT  SAR  images  taken 
in  the  eastern  Canadian  Basin  about  500  km  west  of  Banks  Island.  'I'lie  objectives  ol 
the  study  are  to  examine  the  properties  of  the  icc  deformation  in  relationship  to  the 
source  scale  of  the  relative  velocity  field,  and  to  verify  that  the  CPS  is  capable  of  gen¬ 
erating  reliable  tee  motion  data  under  various  conditions  of  rotation  and  translation. 
The  linages  were  selected  to  follow  an  (unnamed)  ice  island  fragment  which  was  previ¬ 
ously  studied  in  the  SEASAT  record  by  Fu  and  Holt  and  by  Arsenault.  The  SAR 
record  begins  in  the  summer  and  coiiliiiiics  through  to  the  fall  of  1978,  and  thus  the 
data  set  is  approximately  Lagrangian;  it  contains  a  largely  fixed  collection  of  floes  as 
they  move  under  wind  and  current  forcing  and  undergo  .seasonal  change.  The  derived 
ICC  motions  arc  analyzed  for  kinetic  variables  and  for  the  behavior  of  the  feature  spac¬ 
ing,  I),  with  time.  'I'he  behavior  of  the  square  of  the  time  derivative  of  U  is  compared 
to  predictions  that  it  will  behave  according  to  a  power  law  with  an  exponent  that  re¬ 
lates  the  source  of  the  motion  to  a  mix  of  local  and  l.irge-scale  forcing. 
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PRELIMINARY  OBSERVATIONS  OF  LABRADOR  SEA  MARGINAL  ICE  ZONE  RHEOLOGY 

USING  C-BAND  SAR 
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California  Institute  of  Technology 
4800  Oak  Grove  Drive,  Pasadena 
CA  91 109,  USA 


ABSTRACT 

Synthetic  aperture  radar  imagery  collected  in  the  Labrador  Sea  during 
LIMEX  '87  are  used  to  interpret  modes  of  sea  ice  deformation.  The 
ice  canopy  exhibited  two  distinct  rheologies  separated  by  a  clear  line 
of  shear;  a  quasi-brittle  inner  regime  and  a  non-linear  viscous  outer 
regime.  A  single  constitutive  relation  capable  of  modelling  both  is 
unlikely  within  a  plastic  rate-independent  formulation.  Rate  dependent 
effects  are  discussed  as  an  explanation  for  brittle  fracture  in  ductile 
materials. 

Keywords:  LIMEX,  rheology,  plastic,  brittle,  ductile. 

1.  INTRODUCTION 

Few  studies  of  the  cryosphere  have  utilised  SAR  imagery  directly  for 
a  geophysical  purpose,  undoubtedly  due  to  the  complexity  and  detail 
of  these  data.  The  exception  is  work  to  determine  sea  ice 
displacement,  which  has  proven  the  potential  of  SAR  in  mapping  sea 
ice  motion  and  deformation  fields  with  high  precision  and  resolution 
In  this  paper  we  extract  kinematical  information  from  aircraft  SAR 
data,  and  make  suggestions  regarding  mesoscale  ice  rheology?  An 
understanding  of  ice  deformation  is  a  prerequisite  for  sea  ice  dynamics 
studies.  Radar  images,  give  an  appreciation  of  deformation  and  flow 
mechanisms,  and  are  a  hitherto  uninvestigated  source  of  rheological 
information. 

Data  were  acquired  by  the  Canada  Centre  for  Remote  Sensing  (CCRS) 
5.3  GHz  aircraft  SAR  system  during  the  March  1987  Labrador  Ice 
Margin  Experiment  (LIMEX'87)  [1,2].  The  SAR  system  acquired  C- 
band  images  on  several  flights  over  the  Labrador  marginal  ice  zone 
(MIZ).  Single  SAR  images  provide  a  qualitative  picture  of  ice 
rheology,  because  as  a  two-dimensional  continuum  the  ice  field  can 
only  deform,  yield  or  fracture  in  well-defined  and  well-documented 
ways  [3,4].  Overlapping  image  pairs,  separa'ed  by  1  or  2  days,  enable 
quantitative  information  on  deformation  in  the  pack  to  be  extracted. 
The  resolution  of  the  images  is  sufficient  to  study  many  features  in  the 
sea  ice  field  that  suggest  a  rheological  scenario;  the  presence  of  a  shear 
zone,  for  example,  can  immediately  dismiss  a  simple  linearly  viscous 
model. 

MACnOSCOPICAL  BEHAVIOUR 


(a)  COHIIHUOUS  (b)  OISCONIINUOUS 


Figure  I  Displacement  in  laminar  shear  flow,  a)  conlmuous,  bj  disconlinuous 
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At  low  strain  rates  and  scales  large  compared  with  the  characteristic 
dimensions  of  the  "granular"  structure  of  pack  ice,  the  slow 
deformational  response  of  the  MIZ  may  be  adequately  described  by 
plastic  shear  flow.  This  type  of  flow  is  conceptualised  as  a  single  set 
of  infinitesimally  close  laminae  sliding  parallel  to  a  shear  line 
(Fig.  la),  or  alternatively  it  may  be  inhomogeneous  and  display 
distinct  discontinuities  in  the  displacement  along  shear  lines  (Fig.  lb). 
Discontinuous  shear  flow  leads  to  large  relative  displacements 
between  parallel  laminae.  In  fully  developed  shear  flow,  deformation 
does  not  occur  until  the  stress  reaches  a  critical  yield  level,  and  it 
begins  and  ends  without  appreciable  delay  as  the  stress  is  first  applied 
and  then  reduced  to  a  sub-critical  value.  All  mechanical  energy 
expended  during  the  flow  is  dissipated  and  when  fluidity  ceases  no 
mechanical  energy  is  recovered.  The  SAR  imagery  reveals  several 
zones  within  the  Labrador  Sea  MIZ  which  display  some  of  these 
characteristics;  these  are  investigated  from  a  rheological  standpoint. 

2.  MARCH  1987  GRAND  BANKS  ICE  CONDITIONS 

During  a  nonnal  spring,  >he  Grand  Banks  region  is  a  classical  MIZ 
with  a  diffuse  pack  and  seasonally  varying  ice  edge.  Meteorological 
and  oceanographic  influences  strongly  modulate  the  daily  extent  of  the 
sea  ice  cover.  MIZ  morphology  varies  on  all  time  and  spatial  scales 
due  to  local  interactions  and  forcing  by,  for  example,  swell  and  storm¬ 
generated  waves  which  break  up  the  ice  canopy,  or  winds  and 
currents  which  cause  ridging  and  over-rafting  of  floes.  The  tongue  of 
ice  that  stretches  down  the  Newfoundland  coast  and  out  over  the 
Grand  Banks  in  winter  consist:,  largely  of  moderately  deformed  ice 
less  than  1. 5m  thick. 

A  rapid  shoreward  ice  edge  rci  eat  took  place  from  1 1-25  March,  1987 
in  response  to  north-northeasterly  winds,  rather  than  melt  back  by 
persistent  warm  southerlies.  Particularly  vigorous  ice  compaction  took 
place  from  16-20  March  throughout  a  spell  of  southeasterlies,  during 
the  east-west  passage  of  two  low  pressure  cells  to  the  south  of 
Newfoundland.  Onshore  winds  acted  to  increase  the  shear  strength  of 
the  ice  cover  through  ice  compaction,  'hereby  leading  to  smaller  ice 
velocities  closer  to  shore. 

3.  LABRADOR  MIZ  KINEMATICS 

3.1  Data  Description 

SAR  images  acquired  between  17  and  26  March  enabled  a  kinematical 
study  of  ice  motion  to  be  carried  out  using  image  pairs  with  spatially 
COrrciaiCu  feututes  Sepmaieu  in  iiiiic.  Tlic  iocaiions  of  images  used  in 
this  analysis  are  shown  in  Fig.  2a.  Spatial  overlap  was  achieved  in  the 
Cape  Freels  region,  south  Bonavista  Bay,  and  the  northern  area  of 
Conception  Bay,  permitting  coverage  of  both  inner  and  outer  MIZ. 

3.2  Motion  analv.sis 

Ice  motion  was  derived  by  plotting  trajectories  of  recognizable  features 
for  the  duration  of  available  overlapping  images.  Velocity  vectors  are 
calculated  from  their  displacement  relative  to  coastal  fixed  reference 


A. 


1139 


points.  In  most  cases  recognizable  features  included  distinctive  ice  floe 
shapes  or  tonal  patterns.  Fig.  2b  illustrates  the  regional  pattern  of 
motion  vectors  and  velocities  derived  from  motion  pairs  spanning  the 
period  bracketed  by  the  images. 
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figure  2  SAR  data  used  for  kinemalic  analysis  a)  locations  of  overlapping 
images  taken  at  different  time  intervals,  b)  tee  motion  field  derived  from  ihe  SAR 
images. 


4.  ICE  RHEOLOGY 

To  date,  most  ideas  on  the  rheological  aspects  of  ice  dynamics  and 
basin-scale  sea  ice  models  have  been  based  on  in  situ,  observations  of 
sea  ice  structure  and  physical  properties,  and  visual  interpretation  of 
surface  expressions  of  defonnation  such  as  ridging,  rafting  or 
shearing.  The  use  of  SAR  to  infer  deformational  behaviour  in  seasonal 
pack  regions  is  a  promising  new  alternative  to  previous  methods. 

4.1  Introduction 

Fig.  3  shows  characteristic  rheological  responses  of  many  materials 
in  terms  of  stress  and  strain.  Curves  in  Fig.  3a  are  applicable  to  both 
tension  and  compression.  The  initial  linear  behaviour  of  the  stress  a 
with  strain  e  in  the  figure  corresponds  to  elasiit  deformation.  At  point 
A  (the  yield  stress),  the  elastic  limit  is  reached  and  the  material  begins 
to  yield  by  deforming  plastically.  In  the  ductile  regime,  from  point  A 
to  point  B,  the  plotted  curve  illustrates  strain  hardening,  a  property 
typical  of  many  materials  whereby  the  material  strengthens  with 
application  of  stress  such  that  increased  stress  is  required  to  increase 
the  strain.  This  is  in  contrast  to  perfect  plasticity  where  AB  would  be  a 
line  parallel  to  the  e  axis.  At  point  B  on  the  curve  a  sample  in  tension 
in  the  laboratory  would  begin  to  neck,  i.e.,  the  area  reduction  in  some 
region  of  the  sample  would  not  be  compensated  by  the  added 
strengthening  effect  of  the  plastic  deformation.  Soon  after  reaching 
point  B  the  material  fails  and  fractures. 
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Figure  3.  a)  True  stress  a  versus  true  strain  e  indicating  elastic,  plasttc.  and 
failure  slates.  A  is  the  yield  stress  which  marks  the  onset  of  strain  hardening,  at  B 
the  material  begins  to  neck,  b)  family  of  stress-strain  curves  showing  the  influence 
of  factors  which  promote  brittle  fracture  of  a  normally  ductile  solid. 


Ice  advection  in  the  more  mobile  outer  MIZ  is  toward  the  south,  in 
response  to  forcing  by  the  Avalon  channel  filament  of  the  Labrador 
current.  Mean  current  speeds  in  this  region  are  calculated  from  drift 
data  collected  during  1985-1987  to  be  between  7  and  10cm  s  ’  (5]. 
This  is  in  agreement  with  surface  current  measurements  made  during 
LIMEX'87  [6].  Detailed  analysis  reveals  a  velocity  gradient  with 
distance  from  the  shore.  More  significant,  however,  is  the  marked 
increase  in  velocities  observed  at  the  boundary  between  inshore  ice 
and  the  slurry  of  wave-pomelled  outer  ice.  This  transitional  region 
within  the  MIZ  is  identified  as  a  major  line  of  shear  within  the  pack  (7] 
(cf.  Fig.  1).  To  the  east  of  the  line  ice  floes  travel  far  more  rapidly,  at 
rates  more  commonly  associated  with  northern  sea  ice  moving  along 
the  edge  of  the  Labrador  shelf.  Speeds  up  to  18cm  s’’  are  seen  off 
Cape  Bonavista,  comparable  with  observations  of  ice  motion  along  the 
Newfoundland  shelf  obtained  with  floe  mounted  beacons  [5]. 
Importantly,  the  east-west  shear  transition  becomes  better  defined 
between  21  and  23  March  when  winds  shifted  from  southeasterly  to 
north-northeasterly,  thereby  relieving  ice  pressure. 

In  some  near-shore  areas,  there  is  a  suggestion  of  topographic  steering 
of  currents  or  circulatory  motions  in  some  anomalous  ice  floe 
trajectories.  For  example,  ice  appears  to  enter  Bonavista  Bay  around 
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isobath  (Fig.  2b).  In-flow  of  ice  appears  to  occur  around  Cape  Freels, 
with  the  ice  flowing  cyclonically  around  the  Bay  and  then  exiting 
northeastwards  around  the  northern  tip  of  Cape  Bonavista.  Though 
consistent  with  buoy  trajectories  [5],  this  pattern  is  inconsistent  with 
increased  ce  pressure  from  the  overall  westward  wind-induced  retreat 
of  the  ice  edge  and  the  general  southerly  flux  of  ice.  In  the  shelf 
region,  the  dominant  tidal  constituent  has  an  amplitude  of  around  2- 
lOcm  s  '  which  may  influence  ice  motion  on  shorter  timescales. 


Not  all  materials  initially  deform  elastically  followed  yield  and 
irreversible  plastic  deformation,  both  being  time-independent.  In  many 
materials  behaviour  is  time-dependent.  Ductility  can  be  affected  by 
strain  rate,  and  brittle  fracture  is  encouraged  by  factors  which  tend  to 
raise  the  stress-strain  curve.  In  Fig.  3b  a  bounding  fracture  curve  is 
drawn  to  intersect  the  various  sU'ess-strain  curves  representing  tensile 
Mperiments  done  at  lower  temperatures,  higher  strain  rates  or 
increased  stress  states  (in  the  ABCD  direction).  The  total  energy  to 
fracture,  i.e.,  the  area  beneath  the  curve,  for  a  material  deforming  at 
high  strain  rates,  for  example,  will  be  much  less  than  that  for  the  same 
material  deforming  at  low  strain  rates.  High  strain  rates  favour  brittle 
behaviour  rather  than  ductility. 

4.2  The  Labrador  MIZ 

In  spring  1987,  the  wave-fractured  sea  ice  was  a  granular  aggregate  of 
various  floe  sizes  and  thicknesses.  From  a  physical  standpoint  it  is  a 
continuum  deforming  under  the  action  of  forces  that  induce 
movements  and  iiTecoverable  changes  in  the  ire  canopy.  Deformation 
or  flow  is  controlled  by  the  rheology  of  the  continuum,  and  this  is 
expressed  mathematically  as  a  constitutive  ^nation  relating  stress  and 
strain  rate.  A  number  of  isotropic  constitutive  equations  representing 
rate-independent  visco-plastic  ice  deformation  have  been  proposed, 
ilivsc.  uic  gciiuallzcd  by  an  cxpicssloii  of  die  fonii  [5]. 

Oij  =  Zndij+UC-Tildkk-EVZlSy  (1) 

where  Og  and  dg  are  the  two-dimensional  stress  and  strain  rate  tensors 
respectively,  and  8g  is  the  Kronecker  delta.  In  the  most  general  form 
of  (1)  the  shear  viscosity  q,  the  bulk  viscosity  ^  and  the  ice  strength  P* 
vary  spatially  and  are  functions  of  the  strain  rate  invariants  d^v.  and 
dgdg.  Equation  (1)  is  a  two-dimensional  Reiner-Rivlin  fluid,  which 
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with  simplification  represents  a  variety  of  rheological  behaviours, 
e.g.,  Newtonian  viscous  fluid,  viscous-plastic  fluid,  etc. 

There  are  compelling  indications  that  any  reduction  of  (1)  to  a  linear 
form  will  not  suffice  at  these  spatial  and  temporal  scales,  and  that  a 
fully  non-linear  constitutive  relation  is  needed  if  features  of  the 
Labrador  MIZ  are  to  be  adequately  modelled.  A  simple  linear 
Newtonian  fluid  with  no  bulk  viscosity,  for  example,  will  not  resist 
convergence.  The  inclusion  of  bulk  viscosity  to  provide  compressive 
strength  overcomes  this  deficiency,  but  requires  different  viscosities 
near  to,  and  far  from  the  shore.  Non-linear  plastic  theories  avoid  these 
problems  and  have  been  especially  successful  in  modelling  the  ice  of 
the  Arctic  Basin.  Such  an  ice  cover  has  low  tensile  but  high 
compressive  strength.  A  plastic  constitutive  law  allows  these  attributes 
to  be  ascribed  simply  by  specification  of  the  yield  curve,  but 
behaviour  before  yield  and  the  precise  form  of  the  yield  curve,  and 
hence  the  form  of  q,  C  and  P*,  are  subjects  of  debate.  Various  methods 
have  been  used  to  account  for  strain  hardening  (or  softening),  by 
making  P*  a  function  of  ice  thickness  and  compactness  (8,9). 

4.3  Balance  of  Forces 

The  balance  of  forces  acting  upon  interior  ice  off  the  Avalon  Peninsula 
are  estimated  for  two  periods  of  time  when  wind  conditions  were 
reasonably  stationary  for  long  periods.  Estimates  of  air-ice  and  ice- 
water  stress  are  based  upon  measured  drag  coefficients  of  ice  with 
similar  properties  to  Labrador  Sea  ice  and  wind  and  current  data.  If 
forces  upon  a  floe  are  assumed  in  equilibrium,  then  wind  and  current 
stresses  when  added  to  the  Coriolis  force  should  be  balanced  by  the 
internal  iee  stress  Pressure  gradients  generated  by  tilt  of  the 
ocean  arc  assumed  negligible.  Thus,  for  ice  floes  far  enough  into  the 
MIZ  to  be  unaffected  by  wave  radiation  stresses,  the  balance  in  Fig. 
4a  is  assumed  from  19-21  March.  Ice  velocity  is  included,  though  it 
docs  not  enter  into  the  balance.  Another  force  balance  is  constructed 
for  the  period  21-23  March,  in  Fig.  4b,  after  winds  shifted  to  north- 
northeasterly. 

Internal  ice  stress  responds  according  to  the  shift  in  wind  direction  on 
21  March  and  there  is  a  90®  rotation  of  principal  stresses  to  a 
nonheast-southwest  direction.  Floe  trajectories  off  the  northern  tip  of 
Cape  St.  Francis  (Fig.  5)  match  this  direction,  and  ice  velocity  V, 
increases  to  a  maximum  of  8cm  s->.  Importantly,  this  change  in  the 
cornbination  of  wind  and  current-induced  stress  appears  related  to 
initiation  of  brittle  shear  fracture  in  the  ice  canopy.  Velocity  vectors 
become  rotated  through  an  angle  of  10®  from  their  previous  direction 
under  the  influence  of  a  greater  wind  stress,  tracing  the  shear  line. 

4.4  Observed  Rheological  Regimes 

Deformation  of  the  ice  canopy  appears  dependent  on  geographical 
location,  due  to  variations  in  the  ice-water  mixture  and  the  inhibiting 
influence  of  a  landmass.  Suggestions  of  both  brittle  failure  and  plastic 
flow  are  evident  and  Fig.  5  shows  a  region  off  the  northern  tip  of  the 
Avalon  peninsula  Recognizable  floes  are  plotted  on  21  and  23  March 
in  Fig  5a,  and  b,  indicating  motion  in  the  pack  across  a  shear  line. 
Maximum  relative  shear  motion  occurs  between  21  and  23  March,  and 
by  26  March  swell  had  penetrated  and  motion  ceased.  Between  21  and 
23  March  the  maximum  velocity  differential  observed  across  the  shear 
line  is  about  7cm  S‘*  and  the  velocity  gradient  indicates  a  considerable 
mean  shear  strain  rate  of  1.24  d  '.  Most  of  the  deformation  occurs  m 
the  plane  of  the  shear  line,  there  are  few  exlensional  faults  suggesting 
that  tensile  stresses  did  not  play  a  part  in  the  distortion.  The  mode  of 
failure  illustrated  in  Fig.  5  resembles  si.iiplc  shear  fractunng.  Under 
biaxial  stress,  fracture  lines  can  form  at  angles  of  less  than  45®  with 
the  direction  of  maximum  compression. 

The  shear  line  in  Fig  5  may  be  compared  to  stnke-slip  faults  seen  in 
horizontally-stressed  rock  formations  [3J.  Although  such  features  c.-ui 
also  be  geiitiaieo  oy  d  raic-iinicpciiuem  piasuc  rheology,  substantially 
more  work  is  required  to  create  the  same  effect  than  can  be  achieved 
given  the  forces  in  Fig.  4.  This  behaviour  suggests  brittle  failure  at 
high  strain  rates  (as  this  requires  ihe  least  energy  to  fracturc)  leading  to 
discontinuous  deformation  of  the  compacted  ice  field.  The  associauon 
of  high  strain  rates  and  frac.uie  observed  during  LIMEX  '87  thcicfore 
conflict  with  the  notion  of  a  rate-independent  rheology  for  the  MIZ. 
Rate-dependent  effects  are  important,  as  increasing  the  strain  rate 
encourages  brittle  fracture  at  the  expense  of  ductility. 
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Figure  4.  Balance  of  forces  on  ice  floes  off  the  tip  of  Cape  Si.  Francis  during  two 
j  day  periods  in  March  1987,  a)  under  southeasterly  winds  between  18  -  21  March , 
and  b)  after  winds  shifted  to  norlh-noriheasierlies  from  21  -  23  March  The  ice 
velocity  vector  F,-  is  indteated. 


The  outer  MIZ  has  a  significantly  different  floe  size  distribution  and 
concentration  to  the  interior  [10],  and  deforms  continuously  under 
conditions  more  typical  of  viscous,  but  not  Newtonian,  flow.  A  bulk 
viscosity  can  be  included  to  allow  the  constitutive  equatior  to  respond 
to  changes  in  the  ice  strength  induced  by  factors  .uch  as  wind,  current 
and  wave-induced  radiation  stress  at  the  edge.  Surface  obscrvatioiis 
suggest  that  the  medium  flows  under  any  significant  applied  deviatorie 
stress,  however  small,  suffering  continuous  change  with  time.  Fig.  6 
indicates  the  differences  between  the  outer  MIZ  flow  regime  and  the 
iiiaci  MIZ  uiiule  regime  Bright  bands  of  smaii  floes  have  migrated 
into  the  ice  slurry  from  the  edge  and  the  effect  of  an  eddy  is  passively 
traced  by  the  more  ductile  ice.  Ductility  in  a  material  is  known  be 
affected  by  strain  rate  and  the  mean  rate  of  strain  observed 
peiqwndicular  to  the  edge  is  in  excess  of  0.62d-'  Streamlines  within 
the  ice  indicate  that  the  outermost  floes  are  being  influenced  by  both 
eddy  vorticity  and  an  ice  edge  jet,  enabling  the  ice  eddy  to  be  necked 
off.  The  eddy  feature  is  embedded  in  a  field  of  ice  tracing  a  cyclonic 
motion,  while  the  MIZ  edge  jet  expons  remaining  floes  southwards. 
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Figure  6.  CCRS  C-band  SAR  mage  of  the  outer  MIZ  on  21  March  indicating 
bright  bands  of  small  floes  tracing  eddy  vorticity  in  the  outer  edge,  some  of  which 
have  been  dislocated  by  shear  activity. 

There  arc  several  advantages  to  using  high  resolution  SAR  imagery  to 
study  sea  ice  rheology.  Notably,  time-sequential  data  enables 
deformation  in  sea  ice  regions  to  be  studied  directly,  and  fluxes  to  be 
quantified.  Such  investigations  can  map  the  kinematics  of  icc  fields 
and,  through  associated  oceanographic  and  meteorological  data, 
quantify  the  forces  that  produce  the  deformation.  The  use  of  SAR 
data,  whether  from  satellite  or  aircraft,  will  undoubtt^dly  revolutionize 
our  understanding  of  the  rheology  of  both  MIZ  and  interior  sea  ice. 
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Figure  5.  SAR  mosaics  constructed  from  overlapping  scenes  taken  of  sea  ice  off 
the  northern  tip  of  Cape  St.  Francis  on;  a)  21  March,  b)  23  March.  Several  floes 
are  identified  in  order  to  track  deformation,  and  arrows  indicate  motion  direction 
Potted  lines  indicate  major  shear  zones  Images  were  provided  by  CCRS 

S.  DISCUSSION 

The  rheological  behaviour  of  sea  ice  is  hirgcly  dependent  on  the  level 
of  applied  stress  and  on  scale.  Rate-dependent  effects  appear 
important  in  some  instances,  especially  in  the  premature  initiation  of 
bnttle  fracture.  This  detail  appears  to  have  been  largely  ignored  in  the 
ice  modelling  literature.  Rate-independent  rheologies  can  model 
dislocations  of  the  kind  seen  in  the  LIMEX  '87  data  [26],  but  require 
more  energy  to  initiate  failure.  The  stress  level  and  strain  rate 
independence  of  plastic  rheologies  can  be  argued  for  continuous  ice 
covers,  where  work  goes  into  building  ndge'  in  a  rate-independent 
manner,  but  this  is  less  clear  in  the  MIZ  where  strain  rates  can  be 
much  greater  Using  the  SAR  images,  strain  rates  can  be  deduced 
from  the  kinematic  field  in  order  to  look  at  the  relationship  and 
ccncuTTcncc  sirsjn  r«!c®  snd 

Two  dominant  rheological  regimes  existed  during  LIMEX  '87.  an 
inner  zone  experiencing  rupture  by  brittle  fracture,  and  an  outer  zone 
behaving  as  a  non-linear  viscous  fluid.  The  shear  boundary  between 
the  two  regimes  appears  to  be  determined  by  the  combination  of 
principal  stresses,  and  their  relative  dominance.  It  was  observed  to  be 
either  continuous  (as  on  21  March)  or  discontinuous  (as  on  23 
March). 
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ABSTRACT 

The  concept  of  a  fixed  crossing  linking  Prince  Edward 
Island  and  New  Brunswick  has  raised  concern  over  the 
associated  socio-economic  and  environmental  Impacts. 
An  important  element  of  the  environmental  concerns 
involves  ice  climatological  effects  which  could  in¬ 
fluence  transportation,  fisheries  and  agriculture 
through  possible  microclimatic  changes. 

The  study  described  herein  involved  using 
simultaneously  acquired  C  and  X  band  synthetic  aperture 
radar  (SAR)  data,  acquired  on  February  19  and  20,  1988, 
for  establishing  baseline  data  on  the  ice  conditions  in 
the  Northumberland  Strait.  These  conditions  Included 
floe  sizes,  floe  velocities,  ridge  frequencies  and  ice 
concentrations.  In  addition.  Imagery  acquired  using  a 
real  aperture  radar  (SLAR)  system  between  December, 
1987  and  April,  1988,  were  used  to  provide  a  broader 
temporal  distribution  of  the  ice  concentrations. 

Keywords :  SAR,  SLAR,  sea  ice,  ice  monitoring 

INTRODUCTION 

A  fixed  crossing  linking  Prince  Edward  Island  (P.E.I.) 
and  New  Brunswick  (N.B.)  has  been  the  subject  of  debate 
since  the  1960’s.  Recent  plans  to  initiate  the 
crossing  have  raised  concern  over  the  possible  socio¬ 
economic  and  environmental  Impacts  of  the  structure. 
An  Important  element  of  the  environmental  concerns 
Involves  ice  conditions  which  could  influence  vessel 
traffic  and  fisheries  and  even  agriculture  through 
possible  changes  in  the  microclimate.  Therefore, 
sstabllshing  baseline  data  on  the  ice  conditions  within 
the  Strait  is  the  primary  focus  of  this  study.  The 
baseline  data  on  the  ice  conditions  were  divided  into 
categories  including  floe  sizes,  ice  dynamics,  ridge 
frequencies  and  ice  concentrations  for  input  into  an 
ice  jam  model.  This  mathematical  model  was  used  to 
determine  the  frequency  and  severity  of  ice  jams 
induced  by  the  fixed  bridge  crossing,  and  their  effect 
on  the  length  of  the  ice  season. 

STUDY  AREA 

The  Northumberland  Strait  is  located  between  the 
provinces  of  Prince  Edward  Island,  Nova  Scotia  and  New 
Brunswick  (Figure  1).  Its  approximate  length  is  250  km 
and  its  width  varies.  The  narrowest  point  of  the  Strait 
is  12  km  and  has  been  referred  to  as  the  Narrows.  This 
point  occurs  between  Borden,  P.E.I,,  and  Cape 


Tormentine,  N.B. ,  and  is  the  site  of  the  proposed  fixed 
link. 

DATA 

The  sensor  selected  to  acquire  ice  baseline  data  was 
the  Canada  Centre  for  Remote  Sensing  (CCRS)  SAR.  SAR 
has  the  advantages  of  producing  high  resclution  im¬ 
agery,  regardless  of  weather  and  visibility  conditions, 
and  of  acquiring  images  of  large  areas  quickly.  This 
project  used  SAR  to  obtain  sequential  C  and  X  band 
images  of  the  Northumberland  Strait  ice  cover.  A  total 
of  four  swaths  were  acquired  of  the  Strait  area.  Two 
swaths  were  flown  on  February  19  (Mission  1)  between 
23:34:41  and  00:36:07  Greenwich  Mean  Time  (GMT),  and 
two  were  obtained  on  February  20  (Mission  2)  between 
19:52:55  and  21:05:30  GMT.  On  each  of  the  two  days,  an 
overlapping  segment  between  the  two  swaths  was  ac¬ 
quired.  The  time  difference  between  the  overlapping 
areas  was  approximately  30  minutes.  This  overlap 
corresponded  to  the  Narrows  or  the  potential  location 
of  the  fixed  link.  Mission  2  was  flown  approximately  20 
hours  after  Mission  1 .  The  area  of  coverage  is  shown  in 
Figure  1. 

These  SAR  flights  simultaneously  acquired  C  and  X  band 
data.  Data  records  were  in  the  form  of  real  time  X  band 
analogue  products,  C  and  X  bond  HDDT’s  (High  Density 
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Digital  Tapes) ,  and  C  band  VCR  recordings.  The  HDDT’s 
were  processed  into  CCT’s  and  positive  and  negative 
transparencies . 

In  addition  to  the  SAR  data,  imagery  from  the 
Atmospheric  Environment  Service  (AES)  Motorola  AN /APS 
94D  SLAR  system  was  available.  This  imagery  varied  in 
scale  from  1:500,000  to  1 : 1,000,000.  A  total  of  AO  AES 
SLAR  transparencies  were  obtained  for  a  period 
extending  from  December  28,  1987  to  April  12,  1988. 

Additional  ancillary  data  acquired  for  the  times  during 
and  between  the  SAR  missions  included  wind  conditions 
recorded  by  AES ,  Bedford,  Nova  Scotia,  whether  precipi¬ 
tation  occurred,  and  water  level  information  recorded 
by  the  Canadian  Hydrographic  Service  at  Charlottetown, 
P.E.l.  and  Polnte-du-Chene,  N.B. 

METHODOLOGY 

The  SAR  data  were  systematically  analyzed  to  provide 
Information  on  floe  sizes,  ice  dynamics,  ridge  frequen¬ 
cies  and  ice  concentrations.  The  SLAR  data  were 
analyzed  to  determine  changes  in  conditions  and 
determine  ice  motion  information  for  the  December 
through  April  time  period.  In  addition,  climate  and 
water  elevation  data  were  acquired  to  correlate  with 
the  ice  movement  information  obtained  from  the  SLAR 
data. 

FLOE  SI2E 

Floes  sizes  were  measured  using  two  procedures.  First, 
all  floes  which  intersected  grid  lines  drawn  in  the 
range  direction  at  10  km  Intervals  on  the  analogue 
imagery  for  the  entire  Strait  were  measured.  In  the 
regions  10  km  wide  on  either  side  of  the  crossing  line, 
the  grid  was  reduced  to  3  km.  The  second  procedure 
Involved  measuring  all  floes  on  the  real  time  analogue 
and  enlarged  digital  Images  within  an  area  of  5  x  18  km 
sampled  at  the  Borden/Cape  Tormentlne  Crossing.  Both 
the  longest  axes  (length)  and  the  longest  axes 
perpendicular  to  length  (width)  were  measured.  Any 
floe  within  the  area  or  in  contact  with  the  boundary 
would  be  tallied  and  placed  in  a  category  based  on 
dimension. 

ICE  DYNAMICS 

Floe  motion  was  calculated  for  various  time  periods 
using  both  SAR  and  SLAR  data.  Floes  which  were 
identifiable  on  su.-cessive  images  were  selected  for 
analysis.  Essentially,  the  distance  travelled  and 
average  time  required  to  travel  that  distance,  based  on 
the  floe  centroid,  was  recorded  and  the  approximate  ice 
floe  velocity  calculated  assuming  motion  along  a 
vector.  Two  methods  were  used.  The  first  involved 
short  term  dynamics  and  the  second  approach  Involved 
quantifying  long  term  motion.  In  both  cases,  land 
masses  were  used  to  provide  geographic  orientation  and 
registration  of  the  information.  The  results  of  the 
ice  motion  were  compared  with  wind  and  water  level  data 
for  the  same  period.  The  long  term  motion  methods  were 
used  to  analyze  the  SLAR  data.  However,  a  smaller 
number  of  results  were  determined  indicative  of  the 
difficulty  in  identifying  floes  from  successive  SLAR 


ICE  MORPHOLOGY 

General  ice  conditions,  including  areas  of  open  water, 
fast  ice  and  ice  concentrations,  were  mapped  based  on 
Interpretations  from  SAR  and  SLAR  data.  Because  of  the 
small  scale  of  the  SLAR  data,  only  a  regional 
interpretation  was  possible. 


C  AND  X  BAND  COMPARISON 

A  qualitative  assessment  of  the  C  and  X  band  Images  was 
made.  Image  aspects  compared  Included  tonal 
consistency,  morphological  definition,  small  object 
resolution,  and  Internal  feature  definition. 

RESOLTS  AND  DISCUSSION 

FLOE  SIZES 

The  grid  sampling  approach  resulted  in  a  greater 
proportion  of  large  floes  in  relation  to  smaller  floes 
and  ice  cakes.  This  related  to  the  fact  that  there  was 
a  greater  probability  of  a  larger  floe  intersecting  the 
grid  line.  Therefore,  the  floe  size  frequency 
distributions  were  heavily  weighted  to  large  floes  and 
resulted  in  a  mean  of  232  m.  Because  of  the  small  scale 
of  the  analogue  data  (1:86,500),  small  floes  and  ice 
cakes  were  indistinguishable  resulting  in  a  large  mean 
floe  dimension. 

Using  the  areal  sampling  procedure,  analogue  (1:86,300) 
and  digital  X  band  images  (1:33,000)  wore  sampled 
(Figure  2) .  A  greater  percentage  of  small  floes  and  ice 
cakes  were  recorded  on  the  digital  image  than  on  the 
analogue  image.  As  a  result  the  mean  floe  dimension  was 
27  m  as  opposed  to  116  m  for  the  analogue  data  (Figure 
3).  Uith  this  method  there  is  an  equal  probability  of 
small  and  large  floes  occurring  within  an  area  and  the 
resultant  statistics  were  more  reliable.  These 
statistics,  however,  did  not  result  in  similar 
concentrations  of  ice  cakes  as  were  obtained  by  Brown 
et  al  (1989). 


ICE  DYNAMICS 

Short  term  dynamics  were  acquired  by  analyzing  the 
overlapping  segment  at  the  crossing  location  for  each 
mission.  Floe  motion  for  Mission  1  was  from  the 
northwest  to  the  southeast.  The  results  indicated  an 
average  floe  velocity  was  0.7b  m/sec  from  163  measured 
floes  with  the  highest  measured  velocity,  found  in  the 
crossing,  of  1.1b  m/sec.  Velocity  Increased  as  the 
floes  moved  towards  the  narrows.  This  increase  was 
associated  with  the  constriction  of  floes  within  the 
Narrows  where  tidal  streams  have  been  recorded  over  2 
knots  (Canada,  1985).  Once  through  the  Narrows,  the 
velocity  decreased  which  corresponded  to  the  floes 
spreading  out  into  a  wider  section  of  the  Strait  and 
similarly,  the  water  currents  being  less  restricted. 
At  the  time  of  the  mission,  water  level  data  indicated 
an  outgoing  tide  which  accounts  for  the  southeasterly 
motion. 

In  Mission  2,  observed  floe  laotlon  was  from  the 
southeast  to  northwest,  opposite  to  the  normal  trend. 
The  mean  floe  velocity  was  0.61  m/sec  calculated  from 
16b  measurements.  The  highest  velocity  occurred  in  the 
crossing  area  at  1.13  m/sec  (Figure  b).  The 
combination  of  tidal  flooding  and  strong  southerly 
winds,  6  hours  prior  to  the  mission,  resulted  in  a  floe 
motion  opposite  to  normal.  Once  the  floes  had  passed 
through  the  Narrows,  the  velocity  decreased  in  a 
fashion  similar  to  Mission  1. 

Floe  motion  between  the  two  SAR  missions  was  calculated 
to  determine  longer  term  dynamics.  The  general  ice 
motion  between  the  two  missions  was  from  southeast  to 
northwest.  The  highert  velocity  occurred  in  the 
crossing  area  at  0.39  m/sec  (Figure  5).  From  analysis 
of  191  floes  for  which  floe  movement  was  measured,  a 
mean  of  0.30  m/sec  was  calculated. 
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(a)  Analogue  SAR  Image 


(b)  Digital  SAR  Image 


FIGURE  2:  Comparison  of  SAR  Image  Products 

When  the  results  of  long  term  and  short  term  motion  are 
compared,  the  difference  between  maximum  velocities  is 
conspicuous  but  not  surprising  (Table  1).  As  previous¬ 
ly  indicated.  Mission  1  corresponded  to  the  peak  tidal 
flow,  resulting  in  higher  floe  velocities.  Similarly, 
the  second  mission  was  flown  when  high  southeasterly 
winds  preceded  the  flight  by  6  hours.  The  resultant 
floe  motion,  therefore,  is  faster  than  the  longer  terra 
motion  and  in  a  direction  opposite  to  the  norm.  The 
effects  of  tides,  currents  and  wind  patterns  on  the 
floe  velocity  during  the  longer  time  interval  were 
responsible  for  the  lower  velocities  compared  to  short 
terra  velocities. 

SLAR  data  provided  an  indication  of  floe  dynamics 
throughout  ihe  months  the  data  were  collected.  Floe 
motion  varied  in  relation  to  the  ice  concentrations 
within  the  Strait,  the  position  in  the  Strait  (whether 
in  a  narrow  or  wide  region  of  the  Strait)  and 
climatological  and  oceanographic  effects  between  and 
during  the  times  the  images  were  acquired.  Velocities 
varied  from  0,02  m/sec  to  O.AS  m/sec  (Table  1).  This 
floe  motion  represents  net  velocities  over  a  period  of 
time  (generally  one  or  more  days)  and  assumes  a 
straight  line  motion. 


Sample  Sue 
4000  T - - - 


PODuiation  . 


0  10  20  60  80  100  150  200  300  500  >500 

Floe  Size  (m) 


(a)  Cumulative  Histogram  of  Analogue  SAR  Data 


FIGURE  3:  Floe  Size  Analysis 


ICE  RIDGING 

Ice  ridging  was  not  evident  from  the  analogue  data 
source.  Digital  data  revealed  only  minimal  ridging. 
Field  data  obtained  during  the  February  time  frame 
indicated  ridging  was  scarce.  Numerous  ice 
accumulations  were  found  along  the  edges  of  the  floes, 
but  these  were  determined  to  be  rubble  piles. 

ICE  MORPHOLOGY 

By  mapping  the  general  ice  conditions  of  the  strait,  it 
was  possible  to  obtain  an  accurate  picture  of  the 
development  and  disintegration  of  ice  within  the  Strait 
over  the  winter  and  into  the  spring.  In  early  December, 
open  water  occurred  In  the  Strait  west  of  the  croseirig 
with  a  high  concentration  of  ice,  9/lOths,  along  the 
New  Brunswick  coast.  .As  the  ice  season  progressed,  the 
concentration  of  ice  increased  throughout  the  Strait, 
with  the  exception  of  some  areas  along  the  landfast 
ice.  The  ice  generally  entered  the  Strait  from  the 
western  end  of  F.E.I.  and  moved  southeasterly.  In 
March,  large  areas  of  open  water  developed,  associated 
with  ice  breakup.  By  March  14  and  15,  the  ice  began  to 
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TABLE  1:  Summary  of  Ice  Motion  Analysis  Results  thin  in  the  area  west  of  the  crossing  and  the  higher 

concentrations  moved  eastward.  Although  most  of  the 
Strait  was  clear  on  March  25,  the  eastern  end  of  the 
channel  was  still  covered  with  S-lO/lOths  Ice. 

C  AND  X  BAND  C...iPARISON 

The  analysis  was  based  on  X  band  data  because  It  had 
been  assumed  that  the  data  contained  superior 
Information.  Since  C  band  data  had  been  acquired,  a 
qualitative  comparison  was  made  which  suggested  C  band 
contained  superior  Ice  Information  content  to  X  band. 

First,  the  tonal  characteristics  of  the  C  band  Imagery 
appeared  more  uniform,  with  batter  definition  of  mor¬ 
phological  features.  This  may  bo  attributed  to  lower 
attenuation  due  to  the  longer  wavelength  of  C  band  as 
wall  as  less  local  backscatterlng  due  to  the 
significantly  lower  power  associated  with  the  C  band. 
Also,  Internal  Ice  floe  features,  such  as  ridging  and 
rubble  piles,  could  be  better  defined  on  the  C  band 


FIGURE  4;  Short  Term  Floe  Motion,  Mission  2 


FIGURE  5:  Floe  Velocity  Isoline  Map,  Mission  1  -  Mission  2. 
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imagery  than  on  the  X  band  imagery.  The  latter  may  be 
attributable  to  the  lower  backecatter  auggeated  by 
Aakne  and  Johaneson  (1988). 

CONCLUSIONS 

The  following  conclualona  can  be  made: 

a.  SAR  data  provided  an  excellent  aource  of 
information  on  floe  aizes,  ice  conditions  and 
ice  movement.  SLAR  provided  good  regional 
coverage  of  ice  conditions  and  ice  movement. 
However,  at  the  scale  of  the  SLAR  Imagery,  only 
the  estimation  of  floe  sizes  greater  than  ISO 
meters  is  possible. 

b.  Floe  sizes  obtained  from  the  analogue  data 
averaged  116  m.  Digital  data  average  floe 
sizes  of  27  m. 

c.  Real  timo  analogue  data  provides  good  informa¬ 
tion  on  the  kinematic  and  dynamic  characteris¬ 
tics  of  the  ice. 

d.  The  areal  sampling  technique  should  be 
selected  over  the  grid  approach  in  order  to 
provide  a  more  accurate  representation  of  the 
distribution  of  floe  sizes. 

e.  Ice  motion  Information  can  be  obtained  from 
both  SAR  and  SLAR  sequential  imagery.  Floes 
can  be  recognized  on  both  types  of  Imagery. 
In  calculating  ice  motion,  the  approach 
assumes  a  constant  vector  floe  motion,  which 
is  seldom  the  case  in  reality.  In  addition, 
ice  motions  should  be  correlated  with 
climatological  and  oceanographic  conditions 
to  determine  their  effect  on  ice  movement. 

f .  Floe  motion  characteristics  can  be  suiouarlzed 
as  follows: 

(1)  Short  term  dynamics  : 

maximum  velocity  >1.16  m/sec 
mean  velocity  "  0.67  m/sec 

(li)  SAR  analysis  (21  huurs)  : 

maximum  >0.39  m/sec 
mean  -  0.30  ula^c 

(ill)  Long  trrm  SLAR  analyses  : 

maximum  ■>  0.680  ro/sec 
mean  ■■  0.16  m/sec 

The  C  and  X  band  SAR  has  been  shown  to  be  an  effective 
tool  for  the  quantification  of  critical  ice  parameters 
These  data  were  used  as  data  source  for  evaluating  Cue 
Impact  of  ice  on  a  structure  (Bercha,  1988). 
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The  areal  extent  of  ice  floes  has  been  measured  from  Landsat  imagery  of  the  summertime  Beaufort 
Sea,  spanning  the  five  months  between  break-up  and  freeze-up.  Areas  were  measured  by  digitizing 
the  floe  boundaries  directly  from  1:50,000  scale  photographic  enlargements  of  Landsat  images.  After 
each  floe  field  was  digitized,  the  digidzed  boundaries  were  plotted  by  a  by  a  mechanical  plotter  so  that 
the  digitized  data  could  be  compared  with  the  original  data  set.  Following  this,  each  floe  was  num¬ 
bered  and  its  area  computed  by  means  of  a  raster-scanning  computer  program.  The  resulting  floe  size 
data  were  tested  to  determine  whether  they  fit  any  numerical  distribudon.  In  general,  the  distribution 
of  floe  areas  was  found  to  obey  a  power  law:  N(S)  =  NjS\  where  the  counted  number  of  floes  per 
unit  floe  size  interval,  N(S),  is  related  to  the  number  of  floes  in  the  particular  distribution  at  unit  floe 
size,  (Nj),  the  floe  size,  (S),  and  X,  a  parameter  found  here  to  range  between  -1.33  and  -2.06.  The 
value  of  X  decreased  from  -1.33  in  May  to  -2.06  in  August  and  then  increased  to  nearly  -1.47  in  Sep¬ 
tember.  An  exponendal  reladonship  with  X  was  found  anaong  the  values  of  Nj  from  the  various  dis- 
tribudons:  Nl  =  NQe‘*^-*'*\  This  reladonship  appears  to  hold  regardless  of  the  seasonal  variation  of 
X.  Thus,  floe  size  distribudons  were  found  to  obey  N(S)  =  NQe‘’5-^S)\  with  a  value  of  Nq  =  1.23  x 
lO"^,  where  Nq  is  the  projected  number  of  floes  per  unit  floe  size  at  unit  floe  size  for  X  =  0. 

Although  not  observed,  a  value  of  X  =  -1  was  found  by  theoredcal  consideradons  to  produce  a  floe 
size  distribudon  in  which  the  apparent  distribudon  of  floe  size  is  the  same  regardless  of  the  scale  at 
which  it  is  viewed.  Based  on  die  observed  variadon  of  X  with  season,  it  is  hypothesized  that  such  a 
distribution  might  appear  earlier  in  the  year  than  the  observing  period  reported  here. 
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ABSTRACT 

The  Paper  describea  the  analyaia  of  an  extensive 
photographic  data  base  of  the  ice  conditions  in 
Northumberland  Strait  in  1964  and  1965.  The  original 
photographs  were  obtained  from  a  series  of  overflights 
made  throughout  the  two  winters  to  monitor  ice 
conditions  in  support  of  a  previous  development  plan 
for  a  fixed  crossing  between  Prince  Edward  Island  and 
Hew  Brunswick,  The  documentation  available  with  the 
photographs  was  sufficient  to  permit  scales  to  be 
developed  for  the  photographs  and  hence  measurements 
to  be  taken  from  the  photographs. 

Analysis  of  the  photographic  data  resulted  in 
considerable  Information  on  ice  concentrations,  ice 
floe  sizes,  and  ridge  frequencies.  The  ice  floe  size 
data  indicated  a  very  high  concentration  of  very  small 
floes  or  cakes,  with  the  largest  category  in  the  0  to 
10  metre  range.  Ridge  frequencies  were  found  to  vary 
significantly  throughout  the  length  of  the  Strait  with 
concentrations  varying  from  15  per  km  to  50  per  km. 

The  information  obtained  from  the  photographic  data 
base  was  found  to  constitute  a  significant  con¬ 
tribution  to  the  available  Information  on  ice 
conditions  and  statistics  in  Northumberland  Strait 
and  was  used  in  parallel  analytical  studies  directed 
at  determining  the  possible  effects  of  various  bridge 
configurations  on  the  ice  regime  within  the  Strait. 
Because  the  photographs  were  acquired  for  a  variety  of 
operational,  sensor,  and  target  parameters,  they 
required  the  development  and  application  of  soma 
unique  photogrammetric  techniques.  These  Included 
analysis  of  error  bounds  on  the  results. 

KEYWORDS:  Photographs,  interpretation,  ice, 
floes,  ridges. 

INTRODUCTION 

The  currant  proposal  to  construct  a  fixed  link 
crossing  between  Prince  Edward  Island  and  New 
Brunnwiclf  Northumberland  Strait,  has  triggered 
significant  concerns  regarding  the  possible  socio¬ 
economic  and  enviroiunental  Impacts.  One  of  the 
primary  environmental  concerns  has  been  the  impact  of 
a  fixed  bridge  crossing  on  the  ice  regime  in 
Northumberland  Strait  and  any  modifications  of  that 
ice  regime  which  might  affect  vessel  traffic,  the 


fishing  Industry,  and  agriculture  in  the  adjacent 
provinces.  In  response  to  tneae  concerns,  studies 
were  carried  out  with  the  objective  of  characterizing 
the  current  ice  regime  within  Northumberland  Strait 
and  determining  any  impacts  which  a  fixed  bridge 
crossing  might  have  on  this  regime. 

Clearly,  both  of  the  above  objectives  require  the 
availability  of  a  complete  and  reliable  data  base  of 
ice  conditions  and  ice  kinematic  statistics  describing 
the  ice  regime  within  Northumberland  Strait,  Tne 
Initial  studies  carried  out  to  determine  the  effect  of 
the  bridge  crossing  on  the  ice  regime  and  the  effect 
of  the  ice  regime  on  the  bridge  piers,  identified 
serious  deficiencies  in  the  available  data  (Bercha  and 
Associates,  1987 (  Acres,  1987),  These  deficiencies 
included  information  on  floe  sizes,  ice  thicknesses, 
ridge  frequencies,  and  depths  of  consolidation.  As  a 
result  of  the  gaps  in  the  available  ice  data  base,  a 
number  of  projects  were  Initiated  by  Public  Works 
Canada  to  acquire  the  necessary  data.  The  work 
described  in  this  paper  was  based  on  a  source  of  data 
which  was  available.  In  the  mid-1960’s,  a  previous 
proposal  to  construct  a  fixed  link  between  Prince 
Edward  Island  and  New  Brunswick  was  carried  to  the 
point  at  which  construction  had  commenced.  In  support 
of  this  development,  a  series  of  overflights  surveying 
the  entire  extent  of  Northumberland  Strait  were 
carried  out  for  two  successive  winters.  These  flights 
were  used  to  obtain  general  information  on  the  ice 
concentrations  and  extent  of  fast  ice  within  the 
Strait,  as  well  as  to  obtain  a  series  of  photographs 
of  the  ice  conditions.  Figure  1  shows  the  general 
region  of  Northumberland  Strait  with  the  individual 
flight  lines  identified. 

The  photographs  were  obtained  with  hand-held  35mm 
cameras  and  a  variety  of  fixed  focal  length  lenses. 
Fortunately,  many  of  the  photographs  were  supported 
by  excellent  documentation  which  provided  aircraft 
altitude  and  camera  configuration,  as  well  as  cross- 
reference  to  the  location  of  the  photograph. 
Preliminary  examination  of  the  photographs  Indicated 
that  there  wac,  ourfluiunu  supporting  documentation  to 
permit  scales  to  be  deduced  and  hence  dimensions  in 
the  horizontal  plane  to  be  determined.  With  this 
capability,  the  data  could  be  used  to  obtain  floe 
sizes  and  ridging  frequencies,  although  ocher 
parameters,  such  as  ridge  height,  could  not. 
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FIGURE  1  -  NORTHUMBERLAND  STRAIT  AND  FLIGHT  LINES 


DATA 

The  data,  aa  received,  conalsCed  of  approximately 
1,000  photographs  consisting  of  both  colour  slides 
and  black  and  vhlte  prints.  Negatives  for  the  prints 
ujre  available.  The  data  base  was  reviewed  to 
determine  the  availability  of  supporting  documentation 
consisting  of  photograph  location,  aircraft  altitude, 
and  camera/lens  configuration.  Photographs  for  which 
all  supporting  documentation  was  not  available,  were 
not  used  for  analysis.  Ultimately,  several  hundred 
photographs  were  found  to  have  sufficient 
documentation  to  permit  analysis.  Photographs  of  the 
fast  Ice  regime  at  the  two  shorelines  and  photographs 
of  open  water  were  not  Included  In  the  analysis  of 
floe  sizes  although  were  clearly  useful  In  the 
Identification  of  general  Ice  conditions. 

Each  of  the  selected  photographs  was  reproduced  to  a 
fixed  enlargement  to  simplify  the  Interpretation 
process. 

MEASUREMENT  TECHNIQUES 

The  pi.otographs  could  be  divided  Into  two  distinct 
categories:  high  oblique  photographs  which  Included 
a  horizon,  and  low  oblique  photographs  which  did  not. 
The  preparation  of  a  perspective  grid  for  a  photograph 
for  which  the  vanishing  point  can  be  determined,  is 
well-defined  in  the  literature  (Estes  et  al,  1983). 


Identification  of  the  apparent  horizon  and  the 
principal  point  of  the  photograph  permits  the 
calculation  of  the  depression  angle  for  that 
photograph.  Once  the  depression  angle  Is  obtained,  a 
grid  with  any  previously  specified  grid  spacing  may  be 
readily  produced.  Figure  2  gives  an  example  of  a  high 
oblique  photograph  with  a  100m  grid  overlain.  The 
grids  were  developed  by  microcomputer  and  plotted  on 
transparencies . 


FIGURE  2  -  HIGH  OBLIQUE  PHOTOGRAPH 


1150 


The  development  of  a  grid  for  low  oblique  photographa 
is  more  difficult  because  no  horizon  is  visible.  For 
these  photographs,  the  depression  angle  for  the 
photograph  must  be  estimated.  Once  this  estimation 
has  been  made,  the  preparation  of  the  photograph  grid 
follows  the  same  process  as  that  used  for  the  high 
oblique  photograph.  Nevertheless,  the  error  in 
estimating  the  depression  angle  may  lead  to 
unacceptable  errors  in  the  determination  of  the 
perspective  grid.  Figure  3  shows  the  various  angles 
involved  in  the  development  of  the  perspective  grid 
for  a  low  oblique  photograph.  In  practise,  it  was 
found  easier  to  estimate  the  angle  than  the 
depression  angle 


FIGURE  3  -  LOH  OBLIQUE  ANGLES 

For  low  values  of  (10-30°)  the  error  in  the  grid 
scale  induced  by  an  error  in  the  value  of  alpha  was 
minimal.  As  the  angle  alpha  became  larger,  the  error 
induced  in  the  grid  scale  Increased  to  the  point  where 
such  errors  were  unacceptable.  Therefore,  photographs 
that  fell  into'  this  latter  category  were  therefore  not 
used  for  ice  property  measurement.  Figure  4  gives  an 
example  of  a  low  oblique  photograph  with  the  resulting 
grid  superimposed.  A  number  of  photographs  included, 
as  subjects,  identifiable  objects  whose  dimensions 
were  known.  This  allowed  the  estimation  techniques 
for  the  angles  to  be  refined. 


RESULTS 

For  the  floe  size  measurements,  10  floe  size 
categories  varying  from  0  to  10m  for  the  smallest 
category,  to  over  500m  for  the  largest  category  were 
used.  For  each  photograph,  a  grid  was  plotted  on  a 
transparency  and  overlaid  on  the  photograph.  Each 
Identifiable  floe  was  measured  by  first  obtaining  the 
largest  lateral  dimension  and  then  obtaining  the 
greatest  dimension  in  a  direction  perpendicular  to  the 
first  dimension.  Floes  were  categorized  according  to 
their  largest  dimension.  The  number  of  floes  measured 
on  individual  photographs  varied  widely,  with  some 
photographs  yielding  only  a  handful  of  ice  floes  while 
others  yielding  several  hundreds.  The  data  for  each 
of  the  two  years  were  kept  separate  as  was  data  for 
different  periods  of  each  winter.  This  latter 
separation  of  the  data  was  not  entirely  satisfactory 
as  a  number  of  periods  of  the  winter  were  represented 
by  only  a  few  photographs.  Early  attempts  to 
categorize  the  ice  floe  data  by  location  within  the 
strait  were  found  to  be  unsupportable. 


FIGURE  4  -  LOW  OBLIQUE  PHOTOGRAPH 


Figure  5  shows  a  histogram  of  ice  floe  data  for  the 
1964  winter  while  Figure  6  presents  a  similar 
histogram  for  the  1965  winter.  The  heavy 
preponderance  of  floes  in  the  O-lOm  range  is  evident 
from  both  figures.  Fu..her,  it  may  be  noted  that  the 


HGUSB  5;  FLOB  SIZE  IIISTOORAM 
1964 


proportion  of  floes  whose  larger  dimension  is  greater 
than  100m  is  quite  small,  less  than  lOZ  of  the  total. 
This  is  further  illustrated  in  Figure  7  which  shows 
the  cumulative  floe  size  distribution  based  on  both 
years  of  data.  This  distribution  is  based  on  the  data 
of  Figures  5  and  6  and  thus  represents  a  numerical 
distribution  curve  for  the  floe  size  data.  When  the 
same  data  is  presented  Us  an  areal  concentration,  the 
second  (upper)  curve  of  Figure  7  is  obtained. 
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FIGURE  6:  FLOE  SIZE  KISTOCRAU 
1865 


wu  I  -  nni;  ntQUBcit  rsjus 
(R149«/1oi) 


Some  of  the  photographs  were  also  used  to  obtain  ridge 
frequency  data.  The  frequency  and  Che  severity  of  the 
ridging  process  in  Northumberland  Strait  was 
considered  to  be  Important  In  the  evaluation  of  all 
Ice-related  effects  of  Che  construction  of  a  bridge. 
While  the  measurement  of  ridge  sail  heights  from  the 
photographs  was  not  possible,  data  was  obtained  on  the 
frequency  of  ridging.  This  was  carried  out  by 
obtaining  greater  enlargements  of  a  number  of 
photographs,  preparing  scaled  grids  similar  to  those 
prepared  for  Che  floe  size  data,  and  determining  the 
frequency  with  which  grid  lines  intersected  ridges. 
The  data  resulting  from  the  ridge  frequency  analysis 
is  presented  in  Table  1  from  which  It  may  be  seen  that 
the  average  ridge  frequency  In  Northumberland  Strait 
lies  between  20  and  30  ridges  pec  kilometre  with  sig¬ 
nificant  variations  between  Che  two  years  of  data, 
between  months  of  the  winter,  and  even  over  regions 
of  Northumberland  Strait. 
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CONCLUSIONS 

In  conclusion,  an  archived  data  base  of  photographs 
of  Ice  conditions  in  a  specific  region  within  Che  Gulf 
of  Sc.  Lawrence  represented  a  valuable  source  of 
Information  on  ice  properties  In  that  area.  Using 
existing  phocogrammatric  techniques  and  some 
flexibility  In  Interpretation,  the  data  base  yielded 
a  significant  contribution  to  the  available 
Information  on  floe  size  distributions  and  ridge 
frequencies  within  Northumberland  Strait.  It  was 
found  chat  the  numerical  concentration  of  Ice  floes 
was  significantly  biased  towards  the  small  floe  size 
of  cake  In  the  category  O-lOm;  however,  when  presented 
as  aerial  concentrations,  the  probability  of 
exceedence  curve  became  almost  linear.  Ridge 
frequencies  within  Northumberland  Strait  varied 
between  20  and  30  ridges  per  kilometre  with  sig¬ 
nificant  variations  between  different  areas  of  Che 
Strait. 
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Abstract—  Allhougli  SAR  imagery  is  recognized  as  the  best 
medium  for  providing  ire  motion  information,  it  is  not  free  from 
the  possibility  of  error  Problems  arise  due  to  the  vastness  of  the 
image  data  set,  the  presence  of  noise,  the  lack  of  ground  control 
points  and  the  idiosyncrasies  of  the  material  behavior  of  ice  as 
they  affect  remote  sensing.  A  set  of  191  ice  displacements  was 
extracted  from  two  seciuential  SAR  images  and  the  error  present 
in  these  displacements  was  assessed. 

Keywords— SAR  imagery,  pack  ice  motion,  Lancaster  Sound 


1  Introduction 

SAR  imagery  of  Arctic  pack  ice  has  become  the  major  source  of 
ice  behavior  information  because  of  its  ability  to  provide  24  hour 
per  day,  all  weather  coverage  (Vesecky  et  al,  1986).  SAR  also  has 
the  capability  to  provide  data  at  a  dense  sampling  rate  (Hall  and 
Rothrock,  1981);  this  is  of  importance  to  real-time  forecasting 
(Fily  and  Rothrock,  1986). 

However,  SAR  imagery  can  be  far  from  the  ideal  medium  to 
relay  ice  pack  information.  The  size  of  an  image  data  set  can  be 
unmanageably  large,  both  in  terms  of  the  computer  disk  space 
reciuired  to  store  it  and  the  active  memory  required  during  manip¬ 
ulation.  Further,  the  bulk  of  the  data  set  is  usually  unjustified  as 
SAR  imagery  provides  far  higher  resolution  than  is  necessary  for 
normal  uses.  Also,  speckle  or  noise  can  severely  degrade  the  qual¬ 
ity  of  SAR  imagery  and  SAR  images  are  often  difficult  to  register 
accurately  to  a  coordinate  system  since  they  may  contain  few,  if 
any,  ground  control  points.  If  land  features  are  present  in  the 
imagery,  they  can  be  used  to  register  the  images  (as  can  maps), 
but  distortion  within  the  imagery  can  provide  a  significant  prob¬ 
lem.  The  current  technology  of  the  inertial  navigation  systems 
which  are  an  alternative  source  of  ground  location  information  is 
also  poor.  Other  problems  arise  as  a  result  of  the  material  char¬ 
acteristics  of  the  ice  wiiicli  is  remotely  sensed.  The  SAR  senses 
the  electrolytic  properties  of  the  surface  below  it;  this  means  that 
the  signal  reflected  back  is  affected  by  the  salinity  and  tempera¬ 
ture  of  the  ice  (Curran,  1985),  the  presence  of  snow  (Kim  et  al, 
1985)  and  seasonal  thaw  (Livingstone  et  al,  1987).  This  study 
determines  ice  displacements  from  sequential  SAR  imagery  and 
gives  an  expression  for  the  maximum  possible  error  inherent  in 
the  imagery  and  displacements. 


2  SAR  Image  Data  Set 

The  data  set  for  this  study  consisted  of  a  pair  of  images  (Figures 
1  and  2)  from  the  1986  STAR  1  reconnaissance  flights  by  CAN- 
ARCTIC  (de  Bastiani,  1987).  The  imagery  was  geometrically 
rectified  by  Intera  Technologies  of  Calgary,  ALTA. 

The  images  show  the  ice  floe  activity  in  Lanc.ister  Sound  near 
Brodeur  Peninsula  on  Dec.  5"“  and  9'\  1986.  The  ice  is  moving 
predominantly  east  (de  Bastiani,  1987).  Large  floes  from  Barrow 
Strait  are  responsible  for  the  rafting  of  long,  thin  floes  of  ice 
(finger  rafting).  A  shear  plane  exists  at  the  mouth  of  Navy  Board 
Inlet  due  to  last  fast  ice  in  the  inlet. 

3  Image  Preprocessing 

3.1  Data  Compression 

Before  compression,  common  resolutions  of  SAR  images  are  25 
m  and  4  or  12  m  for  satellite  and  aircraft  originating  images  re¬ 
spectively.  This  high  resolution  leads  to  problems  when  storing 
and  manipulating  such  an  excessive  data  set.  In  order  to  contain 
the  data  for  the  motion  in  an  area  of  several  hundred  kilome¬ 
tres,  thousands  of  megabytes  (MB)  of  diskspace  may  be  required 
Graphic  display  packages  and  image  processing  systems  may  also 
be  restricted  in  the  amount  of  data  they  can  manage,  Since  ice 
analysts  recognize  100  m  pixel  resolution  as  sufficient  to  describe 
the  ice  motion  (DeAbreu,  1987),  the  size  of  the  data  set  could 
be  greatly  reduced  if  the  resolution  was  lower.  This  study  com¬ 
pressed  the  original  images  by  a  factor  of  8  in  both  directions 
using  a  median  filter;  that  is,  each  8x8  pixel  area  was  replaced 
by  the  median  of  the  area.  The  resulting  size  of  the  images  was 
512  X  512  pixels  or  50  X  50  km  which  implies  a  pixel  resolution 
of  approximately  100  X  100  ni. 

3.2  Speckle 

The  dominant  radiometric  noise  .source  in  -SAR  is  speckle  (Hud¬ 
son,  1987).  It  has  been  shown  to  be  signal  dependent  by  model¬ 
ing  it  as  multiplicative  noise  (Curlander  et  al,  1985).  However, 
despite  efforts  to  extract  information  from  speckle,  it  generally 
degrades  the  quality  of  imagery.  Therefore,  it  is  desirable  to  elimi¬ 
nate  speckle  with  minimum  loss  of  resolution.  Speckle  is  normally 
removed  using  filters  which  consist  of  replacing  a  pixel  window 
by  the  mean,  median  or  mode  value  of  the  area.  Unless  the  im- 
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ages  are  very  poor  quality  (eg,  fuzzy),  tlie  speckle  coiileiil  of  an 
image  is  usually  insignificant  after  compression.  In  this  study, 
speckle  was  significantly  reduced  by  the  8x8  pixel  median  filter 
compression  and  so  no  further  processing  was  necessary. 


Figure  2:  December  9,  1986  radar  image 

4  Image  Registration 

The  generation  of  observed  displaremcnts  from  the  sequential  im¬ 
ages  requires  the  registration  of  the  imagery.  The  images  were 
first  mapped  together  using  a  set  of  tie  points  of  easily  identi¬ 
fiable  land  features  and  the  coordinates  were  calculated  relative 
to  the  southwestern  corner  of  the  Dec.  S**"  image.  Because  of  the 
orientation  of  the  land  in  the  images,  the  tie  points  were  well 
distributed  in  only  one  of  the  cartesian  directions  with  ten  points 
being  selected.  T  he  image  offset  was  an  averivge  of  441.0  and  -5.9 
pixels  (approximately  44.1  km  and  -0.0  km)  in  the  azimuth  (i) 
and  range  (y)  directions  respectively. 

To  test  the  difference  between  the  ten  data  pairs  and  their 
mean  offset,  a  trend  representing  a  discrete  diflerence  between 
the  two  images  as  opposed  to  random  distortion,  was  investi¬ 
gated.  The  distortion  in  both  the  azimuth  and  range  directions 
was  esti.nated.  The  range  distortion  check  was  limited  to  the 
width  of  the  land  (about  |  of  the  width  of  the  image).  A  re¬ 
gression  between  flic  range  offset  Ay  and  the  location  (s.y)  was 
made  and  a  standard  statistical  test  at  95%  confidence  found  Ay 


to  be  constant  over  all  (x,y),  that  is 


^Vdiea-dtcS  =  C'j 


(1) 


where  C„  is  -5.9  pixels. 

For  the  azimuth  distortion  check,  points  could  be  taken  along 
the  complete  side  since  land  was  presenf  along  an  entire  side  of  the 
imagery.  A  regression  of  the  aziiunth  offset  Ax  and  the  location 
(x,  y)  and  a  95%  confidence  limit  did  detect  a  dependence  of  Ax 
with  X.  It  can  be  written  as 


”■  4'  Dix  (2) 

where  Z?o  =  434  pixels  and  Si  is  0.016.  This  dependency  could 
be  the  result  of  a  constant  acceleration  by  the  aircraft  on  either 
or  both  of  the  Dec.  5*''  or  Dec.  flights.  For  x  ranging  from  0 
to  512  pixels,  the  maximum  value  of  I)ix  is  8  pixels.  This  error 
was  compensated  for  by  subtracting  off  the  distortion  from  each 
data  point  ns  a  function  of  x. 


5  Extracting  Ice  Displacements 

Homologous  ice  features  were  selected  using  a  digitizing  program 
and  the  relative  change  in  position  of  a  floe  from  Dec.  5*^  to 
Dec.  9'^  gave  the  displacement.  In  total,  191  pairs  of  points  were 
selected  (Figure  3).  In  agreement  with  the  assessment  of  the 
ice  motion  in  Lancaster  Sound  during  Dec.  1986  by  de  Bastiani 
(1987),  the  floes  were  found  to  be  strongly  eastward  and  linear. 
Considering  the  effective  ice  pack  area  in  the  images  (35  x  50 
km),  the  density  of  data  points  was  eqiiiv<alcnf  to  approximately 
0.11  data  point  per  fcm*.  This  density  is  comparable  with  fliai 
obtained  by  Hall  and  Rothrock  (1981).  For  their  20  km  scale  ice 
motion  study,  they  used  a  density  of  or  This  study 

observed  a  larger  scale  of  ice  motion  (on  a  scale  of  44  km)  and 
so  a  0.11  density  is  reasonable. 

There  are  four  contributing  sources  of  error  in  the  observed 
ice  displacements;  they  occur  .as  a  result  of  errors  in  cursor  po¬ 
sitioning,  feature  detection,  image  resolution  and  distortion  in 
both  the  azimuth  and  range  directions,  i.e.  along  and  across  the 
track. 

The  error  to  pinpoint  the  cursor  is  a  systematic  error  which 
represents  the  difference  between  the  selected  jioint  and  the  point 
which  the  cursor  actually  digitizes.  It  is  quantified  ns  ±  100  m 
for  both  points  of  the  displacement  pair.  The  second  source  of 
error,  the  error  in  feature  detection,  consists  of  a  ±  100  m  error 
for  each  point  of  the  displacement  pair  to  allow  for  the  possibility 
that  the  selected  feature  lies  right  on  a  pixel  boundary,  There  is 
also  a  minimum  error  of  ±  100  m  for  the  second  point  in  order 
to  ensure  that  it  represents  the  same  feature  as  the  first  point  If 
the  images  or  sections  of  it  are  blurry,  then  this  minimum  value 
will  increase. 

The  resolution  of  the  image  is  the  third  coiitribufing  source 
of  error.  As  a  result  of  the  resolution,  features  may  appear  up 
to  a  [lixel  away  from  where  they  actually  are  and  no  displace¬ 
ments  can  be  me.asured  which  are  less  than  the  resolution  of  the 
sysiem  (Curiaiidcr  el  ai,  1935).  In  the  present  sfudy  the  pixel, 
or  elemental  image  unit,  represented  100  m  x  100  m  of  actual 
coverage;  this  leads  to  a  possible  error  of: 

=  4-^4  (3) 

=  lOO’  -f  lOO’ 

=  20000  m* 
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Figure  3;  Observed  Displaceiuent  Data  Set 


so  that  £  =  100\/2  or  about  140  m  in  eacb  axial  direction.  How¬ 
ever,  tins  140  III  resolution  error  is  only  a  lower  bound.  The 
actual  minimum  size  of  the  floe  which  can  be  identified  depends 
on  the  features  present  in  the  imagery.  Curlander  et  al  (1085) 
state  that  in  areas  of  uniform  backscatter,  floes  had  to  be  at  least 
80  pixeU  long  before  they  could  be  identified. 

The  final  contribution  to  the  error  in  the  observed  ice  dis¬ 
placements  Is  due  to  the  error  in  registering  the  images  to  one 
another.  Although  the  distortion  component  could  be  identified 
and  removed,  the  random  error  component  (or  unexplained  vari¬ 
ation)  resulting  from  image  registration  must  be  included  in  the 
sources  of  error  The  random  error  ns  determined  by  the  regres¬ 
sion  of  ecpintions  (1)  and  (2)  is  110  in  and  140  in  in  the  azimuth 
and  range  directions  respectively. 


Table  1.  C^oniponents  of  error  for  observed  displacements 


Error  Coinponeiit 

1st  Point 
of  Pair 

2iid  Point 
of  Pair 

Total 
For  P.air 

Cursor  Positioning 

±  lOU  111 

1  100  111 

±  200  111 

Feature  Detection 

±  100  111 

.t  200  III 

i  300  111 

Resolution 

±  140  111 

±  140  III 

±  280  111 

Registration 

±  110  Ill 

±  140  III 

±  250  111 

Total  Error 

±  450  III 

±  580  III 

±1030  111 

The  magnitudes  of  the  individual  error  components  arc  tab¬ 
ulated  in  Table  1.  While  the  errors  estimated  for  each  of  the 
four  components  discussed  in  the  preceding  paragraphs  may  have 
some  cancelling  elfect,  the  errors  are  added  in  this  study  to  de¬ 
termine  the  maximum  possible  error  for  the  ice  displacements. 
From  Table  1  the  total  error  for  each  displacement  is  ±  1030  in. 
CJompared  to  the  average  observed  displacement  of  44  km,  the 
relative  error  for  a  single  displacement  is 


Co-kriging  was  used  to  estimate  the  displacement  values  at 
regular  intervals  of  approximately  every  7  km.  This  spacing  was 
compatible  with  the  specifications  required  by  ice  analysts  and 
navigators  in  ice  motion  forecasting  (DeAbreu,  1987).  The  co- 
kriging  procedure  was  performed  using  all  the  (191)  observed 
displacement  points.  The  vector  field  is  shown  in  Figure  4. 


6  Conclusions 

After  compressing  the  data  set  to  a  manageable  size  and  reducing 
speckle,  but  still  maintaining  a  pixel  resolution  acceptable  to  ice 
analysts,  the  images  were  registered  relative  to  each  other.  A  lin¬ 
ear  distortion  which  varied  from  0  to  8  pixels  along  the  azimuth 
dimension  was  detected  with  95%  confidence.  It  was  caused  by 
a  surge  in  the  aircraft’s  velocity  in  the  flight  path  direction.  Dis¬ 
tortion  in  the  range  direction  was  not  significantly  different  from 
zero  for  the  range  data  which  could  be  extracted.  The  total  error 
in  the  displacements  was  given  as  the  sum  of  the  components 
despite  the  fact  that  some  may  cancel.  The  maximum  possible 
error  in  the  191  ice  displacements  was  ±  1030  m  of  2.3%  relative 
to  the  average  displacement. 
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